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ABSTRACT 
This study was carried out to enhance the durability of concrete exposed to chloride attack by means 
of two approaches: (i) to design sustainable concrete compositions and (ii) to apply suitable 
maintenance techniques consisting of electrochemical chloride extraction (ECE) and surface coating 
(SC) treatments. Subsequently, the study was divided into two separate phases for this study. 
 
The first phase was to assess the role of the cement combinations on enhancing chloride resistance of 
concrete. The cement combinations composed of, Portland cement (PC)/fly ash (FA) and PC/ground 
granulated blast furnace slag (GGBS) in binary mixes, and with silica fume (SF), metakaolin (MK) 
and limestone (LS) as addition to form ternary concretes. The w/c ratio of concrete was selected in the 
range of 0.35 to 0.45 for the requirement of high performance. To improve the degree of accuracy, 
four contemporary chloride test methods were used in this work to measure the chloride penetration of 
concrete, which are: (i) Method A-rapid chloride permeability test to ASTM C1202; (ii) Method B-
chloride migration test to NT Build 492; (iii) Method C-Multi-Regime test to UNE 83987:2009; and 
(iv) Method D-chloride diffusion test to CEN/TS 12390-11. The variability of different methods was 
evaluated and the correlation between them discussed. In addition, the microstructure and chloride 
binding capacity of relevant cement paste were investigated in order to provide more information for 
assessing the improvement on chloride resistance of different binary/ternary mixes.    
 
The results indicated that the chloride resistance of concrete was benefited significantly when blended 
with additional cement combinations. The concrete blended with FA or FA/LS showed no 
contribution on improving chloride resistance before the age of 28 days, but significant improvement 
up to age of 90 days. Compared to 100PC concrete at the equal w/c ratio, generally, it demonstrated 3-
7 times decrease of the chloride durability indicators in the binary and ternary concrete. When 
comparison was conducted at equal strength grades (45, 55, and 65 N/mm2), the improvement on the 
chloride durability was more significant in the binary and ternary concrete. However, for individual 
binary or ternary concrete, the decrease in w/c ratio from 0.45 to 0.35 did not cause significant 
expected reduction in the chloride diffusion coefficient, especially when w/c ratio went down below 
0.4. This was mainly attributed to the reduction of chloride binding capacity (loss of accessible 
binding sites to chlorides) of concrete caused by decreasing w/c ratio, although which still can refine 
the pore structure of concrete.  
 
The maintenance approach is necessary and inevitable when the chloride durability of designed 
concrete is insufficient to satisfy the designed working life. The second phase investigated the 
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application of suitable maintenance approach involving ECE and SC treatment on the chloride 
contaminated concrete prior to the corrosion of embedded steel. The selected specimens were 100PC, 
70PC30FA and 50PC50GGBS concrete with w/c ratio of 0.35, 0.45 and 0.55. Chloride was driven 
into 28-day concrete under the migration test rather than mixing at time of casting concrete. Two 
cycles of ECE process were applied on concrete, and then the pore structure characteristics and 
carbonation resistance of concrete were measured. Those specimens, including reference concrete, 
desalinated concrete and desalinated concrete coated with coating materials (Silane and 
RheoFIT®790) were placed into the artificial spraying salt solution of 1.0 mole/litre concentration for 
30 days. The chloride content profile of sprayed specimens were obtained, and used to calculate the 
chloride diffusion coefficient based on three different calculation methods.  
 
The observations stated that approximately 65% of penetrated chloride was extracted during two 
cycles of ECE treatment for 100PC and 70PC30FA concrete, and about 57% for the 50PC50GGBS 
concrete. The ECE treatment increased the porosity of all mixes due to movement of ions and 
dissolution of solid phase in concrete, while much more significant in 50PC50GGBS concrete than 
100PC and 70PC30FA concrete. It also reduced significantly the carbonation resistance of concrete at 
early exposure time (before 6 weeks), but insignificantly up to 10 weeks exposure period. 
Additionally, it showed significant increase of chloride diffusion coefficient in the desalinated 
50PC50GGBS concrete compared to the non-desalinated concrete. However, the influence of chloride 
diffusion coefficient was not significant in the desalinated 100PC and 70PC30FA concrete. Coating 
materials performed effectively on preventing chloride ingress from a spraying environment 
according to the comparison of chloride profile between coated and uncoated specimens, except for 
the RheoFIT®790 coated on 100PC concrete. Based on the current calculation methods for the 
chloride profile, the calculated chloride diffusion coefficient of coated concrete also demonstrated 
significant reduction compared to those uncoated concrete. Finally, the predicted service life of 
concrete after ECE and SC treatment demonstrated long extended life for 70PC30FA concrete, where 
only ECE treatment can increase total service life by 47%-66%. Both ECE and SC (Silane with 50 
years working life) treatments will extend total service life to maximum 1.9-2.5 times, and minimum 
1.7-2.0 times. The extended service life is highly related to the working life of coating materials. 
However, for 50PC50GGBS concrete (with increasing chloride diffusion coefficient caused by ECE 
treatment), only 3%-4% increase of the total service life was found due to the ECE treatment. Both 
ECE and SC (Silane with 50 years working life) treatments can offer extension of service life to 
maximum of 1.3-2.2 times, and minimum of 1.2-1.3 times.  
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Abbreviations 
TERM DEFINITION 
100PC             Designates 100% Portland cement concrete (CEM I in BS EN 197-1) 
Addition          Material to replace Portland cement by percentage mass in concrete  proportion in BS EN 206 
AFm                 Alumina, ferric oxide, mono-sulfate or (Al2O3-Fe2O3-mono) 
BF Binary cement combination concrete (70PC/30FA) 
BG Binary cement combination concrete (50PC/50GGBS) 
BSI British Standards Institution 
Ccrit Critical chloride threshold level 
CP Cathodic prevention or protection 
Cs Surface chloride content 
Cs(t)                 Time-dependent surface chloride content 
Da Apparent diffusion coefficient 
Da(t) Time-dependent apparent diffusion coefficient  
DC                   Direct Current 
Dssm Steady state chloride migration coefficient 
Dnssm  Non-steady state chloride migration coefficient 
ECE                  Electrochemical chloride extraction 
FA Fly ash 
HPC                   High performance concrete 
ITZ                    Interfacial transition zone 
GGBS Ground granulated blast furnace slag 
LS Limestone cement 
MK Metakaolin 
PC Portland cement 
SC Surface coating 
SF Silica fume 
TFL Ternary blended FA and LS cement combination concrete 
TFM Ternary blended FA and MK cement combination concrete 
TFS Ternary blended FA and SF cement combination concrete 
TGL Ternary blended GGBS and LS cement combination concrete 
TGM Ternary blended GGBS and MK cement combination concrete 
TGS Ternary blended GGBS and SF cement combination concrete 
w/c        water-cements ratio, cements include PC, FA, GGBS, LS, SF, MK.      
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1 Chapter I. Introduction 
1.1 Background 
Inadequate durability has been the most frequent cause of premature degradation of concrete 
structures on the basis of the present Standards. For a prescriptive-based approach, the 
requirements for a specified durability in a particular environment are met by limiting 
mixture proportions such as, the maximum w/c ratio, minimum cement content and 
sometimes the type of cement, which is mainly according to experience. However, it is 
insufficient when the exposure environment is highly aggressive or when they have long 
design service life.  
 
Chloride-induced corrosion is recognised as the most widespread and costly deterioration 
mechanism affecting reinforcement concrete structures, typically located in the marine 
environment or de-icing condition (Valipour et al., 2013, Chen and Mahadevan, 2008, 
Poupard et al., 2004, De Rincon et al., 2004, Ahmad, 2003, Castro et al., 2001). Numerous 
structures as bridges and harbours are exposed to marine environment along the length of 
coastline of 19, 500 miles in Great Britain (Darkes, 2008). In addition, about 2 million tonnes 
of winter salt spread onto the UK roads each year (Salt Union Ltd., 2013) also presents a risk 
of chloride induced corrosion. The same is true for many other European countries. The 
functionality and reliability of infrastructure is crucial for a society and its economy to 
function. In 1971, the cost of corrosion in the UK was estimated of total cost to the 3.5% 
GNP (Hoar, 1971); In 1989, the chloride-induced damage of motorway and trunk road 
bridges cost approximately £616.5 million only in England and Wales, occupying 0.5% GNP 
of UK (Wallbank et al., 1989); Moreover in 2012, the costs associated with steel 
reinforcement corrosion were estimated to be 4% of GNP per annum in UK (Holmes, 2012), 
mainly concentrates on repairing and replacing badly damaged structures during the servicing 
life. The magnitude of this corrosion problem in the transportation infrastructure has 
increased significantly in the last three decades and is likely to keep increasing.  
 
The intended working life of monumental buildings and road bridges is designed to extend 
100 or more years, as recommended in current applied standards, such as BS 8500 (BSI 
8500-1, 2006, BSI 8500-2, 2006) and BS EN 206 (BSI, 2000). However, a number of reports 
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(Freyssinet Ltd, 2013, Engineering Timelines, 2012, Koch, 2001) have stated that the actual 
working life of reinforced concrete structures was far shorter than the intended working life 
expediency (especially those servicing in chloride-rich environment).  
 
The concept of high performance concrete (HPC) is that it is specifically designed for a 
particular application, and usually contains one or more constituent cements (fly ash (FA), 
ground granulated blast furnace slag (GGBS), limestone (LS), silica fume (SF) and 
metakoalin (MK)) at very low w/c ratios (Bernal et al., 2011, Yazci et al., 2010, Ghrici et al., 
2007, Poon et al., 2006, Shi, 2004). A range of constituent cements are now available for use 
in concrete production which are waste by-products from other industrial activities. These are 
cements, including natural pozzolans, artificial pozzolans, and latent hydraulic wastes, may 
serve to enhance concrete performance. In addition, the application of such materials is being 
actively encouraged in the concrete industry through inclusions in design specification 
standards (BS 8500-1, 2006, BS EN 197-1, 2000, BS EN 206-1, 2000). Previous research has 
demonstrated that whilst binary blended cement combinations have been extensively used, 
the use of ternary blended cement combinations is less common. This is with respect to 
chloride resistance of concrete where this is regarded as a barrier, in the continued lack of 
usage and guidance in the standards for the application of these ternary blended cement 
combinations. In this study, both binary and ternary blended cement combinations are 
undertaken with respect to the improvement of chloride durability of concrete. Numerous 
research has reported the improvements of chloride durability of concrete attributed to the use 
of suitable cement combination which may reduce the permeability of concrete and 
subsequently decrease chloride ingress of concrete (Huang and Lin, 2010, Elahi et al., 2010, 
Song et al., 2007, Bai et al., 2003, Khan and Lynsdale, 2002).    
 
The incorporation of FA, GGBS, SF, or MK cement mainly benefits in two-fold: (i) the 
refinement of pore structure and (ii) increase of chloride binding capacity of concrete. The 
pore structure of porous concrete is always identified as total porosity, tortuosity and 
connectivity, and is studied when investigating the relationship with the general durability of 
concrete (always expressed as chloride diffusion coefficient). However, it is difficult to 
acknowledge the pore structure of concrete under current techniques. Firstly, the pore 
structure of concrete consists of pores in bulk paste and the interfacial transition zone (ITZ) 
between the bulk paste and aggregate surface. Those two elements are highly interrelated 
with each other, and can be difficult to separate within a concrete sample. Secondly, test 
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sample size is much smaller compared to the size of aggregate in concrete so, it is not 
representative of the overall quality of concrete. Alternatively, a study of pore structure of 
cement paste is easier and more accurate of its characteristics of the bulk matrix, by 
eliminating the influence of the ITZ. Additionally, chloride binding effect is related to 
chemical binding contribution with cement hydrate (alumina phase) in formation of Friedel’s 
salt and physical binding contribution with solid phase (C-S-H). Constituent cements 
generally contain high alumina content and reactive silica phase which can produce more C-
S-H product (Thomas et al., 2012, Zibara et al., 2008, Matschei et al., 2007, Florea and 
Brouwers, 2012, Csizmadia et al., 2001, Birnin-Yauri and Glasser, 1998).  
 
Generally, the reduction of w/c ratio in concrete results in high compressive strength, and 
corresponding low permeability properties of concrete. Therefore, reducing w/c ratio is 
regarded as an effective approach to satisfy the high requirement of concrete in design, and is 
recommended in current standards. Previous research states that the advantages of lowering 
w/c ratio not only strengthens the concrete, but enhances the resistance of concrete on 
aggressive substance ingress (Chalee and Jaturapitakkul, 2009, Poon et al., 2006, Khan and 
Lynsdale, 2002). However, some evidence disputes the advantages of lowering w/c ratio of 
concrete on improving the resistance ability, typically on halting chlorides ingress in certain 
conditions (Chindaprasirt et al., 2007). On the other hand, lowering w/c ratio of concrete can 
increase the difficulty of workability placement and the investment. In practise, the typical 
w/c ratio is around 0.45, and is sometimes extended to 0.35 in this study in order to assess the 
benefits on chloride resistance improvement. There is no doubt that the application of high 
performance concretes is advantageous and effective on increasing the chloride resistance of 
concrete. However, the further acknowledge of the HPCs is necessary and useful, typically 
for its unique characteristic of the very low w/c ratio.  
 
This chapter states the need for this research and how the research project aims to meet these 
needs. It presents the needs following: (i) penetration of chloride ions into concrete; (ii) 
selection of cement combinations and w/c ratio; (iii) selection of routine and reliable test 
methods in measuring chloride ingress of concrete; (iv) characteristics of pore structure and 
chloride binding capacity. Multi chloride test methods based on different principles are 
selected in order to more entirely describe the different behaviour of chloride transport 
process in concrete. Lack of verification of test methods for the high performance concrete 
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so, four test methods including accelerated and naturally, steady-state and non-steady state 
type are selected in this study.  
 
Broadly reporting, the incorporation of constituent cements is beneficial to chloride induced 
resistance as they can refine the pore structure and bind more mobile chloride ions, 
improving the durability of the structure. However, the aggressive chloride ions do still 
penetrate through the concrete cover, accumulate at the depth of the reinforced steel and 
cause the steel corrosion. On the other hand, the designed working life of bridges and 
offshore structures is specified to 120 years in British Standards. In practise, there is no 
evidence that concrete structures, whether cast with multi-addition cement at low w/c ratio or 
not, can work in service for this designed period without chloride induced corrosion problem 
(Chalee and Jaturapitakkul, 2009).  
 
Therefore, a maintenance approach is necessary and inevitable, if the recent developments in 
HPC are still unable to guarantee the safe resistance to chloride attack and the required design 
life. There are many options for repairing deteriorated structure. Traditional patch 
maintenance method, such as solely repairing the defective areas, removing contaminated 
concrete and clean the steel, or even auxiliary treated with sealer, chloride scavengers and 
inhibitors, is very expensive and no guarantee for avoiding further chloride induced 
corrosion, especially for the incipient anode formation existing in corroded reinforced 
concrete.  
 
Unlike traditional repair methods, electrochemical means approach requires no removal of 
chloride-contaminated concrete layers, nor thorough cleaning of reinforcements, mainly 
including cathodic protection or prevention (CP), and electrochemical chloride extraction 
(ECE); as a result, they are more economical and also less hazardous to both workers and the 
environment. The cathodic protection or cathodic prevention is a reliable way of continuously 
and systematically controlling corrosion of the steel. Their main disadvantage is the need for 
regular maintenance, and the system has to remain on the structure for the duration of its 
service life which costs too much.  
 
ECE is a newer technique, and although similar to the CP, it is economically more attractive 
as it does not need on-going, long-term maintenance. ECE has been successfully applied in 
the field, and tests have demonstrated that the residual chlorides can be brought down to 
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levels that will ensure the cessation of reinforcement corrosion (Ismail and Muhammad, 
2011, Swamy and McHugh, 2006, Orellan et al., 2004). However, extensive research has not 
solve the controversy of whether the corroded steel can be repassivated or not (Miranda et al., 
2007, Cobo et al., 2001), and there is a lack of reporting on the influence of the chloride 
resistance of concrete with and without ECE treatment. Although the field case stated the 
significant efficiency on preventing chloride re-ingress from exposure environment into the 
extracted concrete structure coated with the hydrophobic water-proofing material, the 
extended lifespan from the ECE and surface coating has not been reported.  
 
The application of ECE treatment on the chloride contaminated reinforced concrete structure 
prior to corrosion of steel can ignore the above controversy. This study is undertaken to 
investigate the influence of ECE treatment on the chloride resistance of concrete, as well as 
the improvement by the surface coating treatment. Finally, a numerical model of predicting 
service life is involved into assessing the extension of lifespan by such maintenance 
approaches based on collected chloride resistivity of concrete.  
1.2 Aim and Objectives 
The main aim of this research programme was set about investigating sustainable approaches 
to increase the lifespan of reinforced concrete structures exposed to chloride environments. 
This project concerned on two different concepts of approach on lengthening service life of 
concrete structure: (i) optimised design of concrete mix proportion and (ii) 
repair/maintenance treatment of pre-corrosion concrete structure. The first phase studied the 
optimised concrete design by blending of constituent cements and lowering w/c ratio on 
minimising chlorides ingress when exposed to chloride environment. With that the second 
phase emphasised the effectiveness and efficiency of the desalination approach on selected 
optimised concrete to prolong the service life in chloride contaminated environment, by 
removing penetrated chloride ions prior to the occurrence of steel corrosion. Accordingly, the 
specific objectives are described as follows:   
 
In Phase I: 
(i) Investigate the suitability of contemporary natural long-term and electrical 
accelerated short-term chloride test methods applied on the optimised design 
concretes. 
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(ii) Determine the influences of the added constituent cements on concrete properties 
consisting of compressive strength and chloride resistance. 
(iii) Analyse the impact of the constituent cements and lowering w/c ratio on pore 
structure and chloride binding property of the paste in concrete.    
(iv) Investigate the influences of lowering w/c ratio on improving the chloride 
durability of concrete.  
 
In Phase II: 
(v) Evaluate the efficiency of the desalination maintenance approach on high chloride 
resistance concrete. 
(vi) Assess the influences of the desalination on the performance of chloride re-ingress 
through concrete, on a range of concretes composed of PC, FA and GGBS. 
(vii) Assess the application of chemical coatings on the post-desalinated concrete and 
their effects on the re-ingress of chloride ions. 
(viii) Estimate the life extension prolonged by the application of the desalination and 
surface coating treatment. 
1.3 Scope of Study 
Phase I: Stage I-A is a comprehensive literature review on the application of constituent 
cements in the field of such research, mainly consisting of their own properties and cement 
combinations. Stage I-B deals with selecting the chloride test methods to accurately measure 
the chloride penetration of concrete, specifically for describing the characteristics of the 
chloride penetration in concrete, such as non-steady state chloride migration/diffusion and 
steady state chloride migration coefficients. Measurement of the compressive strength 
development and chloride durability of concrete was undertaken in the Stage I-C of the 
experimental programme. Both ordinary and high performance concretes were involved to 
give the insight into the investigation of the influences of high performance concrete on 
mechanical and chloride resistance properties. Stage I-D is concerned with the study of pore 
structure and chloride binding capacity of the cement paste blended with constituent cements. 
Those properties were proposed to reflect the overall properties of the corresponding concrete 
with the same composition based on assumption. Lastly, Stage I-E assesses the efficiency of 
constituent cements and lowering w/c ratio on the improvement of chloride resistance of 
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concrete. Such assessment is mainly analysing the influence on the pore structure and 
chloride binding capacity caused by the addition of cements and lowering w/c ratio.  
 
Phase II: The difference from previous studies is to guarantee that the steel has not corroded 
before the application of ECE approach, therefore, chloride ions are driven into cast concrete 
instead of mixing at casting time. Stage II-A looks at the chloride penetration test which can 
force chlorides into concrete within the expected depth. After testing, the obtained chloride 
profile was used to check whether the chloride penetration front reaches the depth of steel. 
Stage II-B determines the effect of electrochemical chloride extraction, which continues with 
constant current density for all cases. The test procedure is firstly set for two weeks duration 
of desalination, and followed with a two-week break for re-establishing the dynamic 
equilibrium between bound and free chlorides, and then another cycle of two-week 
desalination. The comparison of obtained chloride profiles before and after desalination 
shows the influence of such approach.  
 
The influence of ECE approach on the chloride diffusion coefficient, as well as pore structure 
and carbonation properties of concrete is carried out in Stage II-C. The non-desalinated and 
desalinated concrete samples are placed into the NaCl solution spraying environment for 30 
days to monitor the chloride re-ingress behaviour, in order to assess the chloride resistance of 
concrete. Stage II-D investigates the prevention of chloride re-ingress of concrete under 
coating treatment on the surface of concrete, and two different coating materials are selected. 
The investigation focuses on the chloride re-ingress profile over depth and calculating the 
chloride diffusion coefficient. In Stage II-E a numerical predicted service life model is 
applied to assess the lifespan of concrete under different maintenance treatments.  
1.4 Outline of Thesis 
Chapter 2 addresses the literature available with respect to the research project. For Phase I, 
the reviews described the process of chlorides attack, in terms of sources, transport 
mechanisms and types of chlorides in concrete. Detailed information about cements materials 
and selection of cement combination concretes was stated, followed by the concrete 
standards. The current chloride testing methods applied in the measurement of chloride 
ingress of concrete. For Phase II included a review of the principles of electrochemical 
maintenances and their previous application on chloride contaminated reinforced concrete 
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structure, as well their disadvantages and advantages; and finally the service life prediction 
models were summarised. 
 
Chapter 3 describes the general experimental work undertaken for this study. All materials 
properties and mix proportions were the same for both Phase I and Phase II. The main tests in 
Phase I consist of four chloride penetration tests and compressive strength test. While those 
for Phase II are including chloride penetration test, electrochemical chloride extraction test, 
and chloride re-ingress test. 
 
Chapter 4 summarises all experimental results of Phase I, followed by corresponding analysis 
and discussions.  Firstly, the compressive strength development of 100PC concrete and 
concrete blended with constituent cements was analysed and compared, to specify the 
strength requirement which is the most important parameter for the use of concrete. 
Secondly, the chloride diffusion coefficients from four different methods were collected and 
correlation between each other was undertaken. Thirdly, the investigation of the pore 
structure and chloride binding capacity of cement paste with the same composition of that in 
studied concrete were reported. Those two aspects benefited by the use of the constituent 
cement and lowering w/c ratio were stated and their influences on the strength and chloride 
resistance of concrete were also taken into consideration. Finally, the contribution of the 
constituent cements and lowering w/c ratio on improving the chloride resistance of concrete 
was analysed and discussed separately, and then combined together to assess the influence of 
overall high performance concrete on enhancing chloride durability of concrete structure. 
 
Chapter 5 includes the test results, significant observations and relevant comments of Phase 
II. It involved efficiency of chloride extraction on high performance concrete, chloride 
diffusion coefficient, porosity, carbonation resistance of concrete before and after 
desalination, and predicted service life from the numerical model. 
  
Chapter 6 draws overall conclusions from the preceding two Phases studies. Phase I mainly 
depicts the contributions of high performance concrete (constituent cements and lowering w/c 
ratio) on increasing/decreasing the chloride binding capacity and improving/weakening the 
pore structure and final influences on the chloride durability of concrete. Phase II indicates 
the possible application of ECE and surface treatment on high performance concrete and 
corresponding service life extension calculated from predicted model. 
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2 Chapter II. Literature Review 
To achieve the aim of enhancing chloride resistance of concrete, the project was divided into 
two phases: (Phase I) optimised design of concrete mix proportion and (Phase II) 
repair/maintenance treatment of pre-corrosion concrete structure. A critical review was 
carried out to cover such two phases in this Chapter. Section 2.1 to 2.4 were mainly about the 
Phase I, consisting of the process of chloride attack, development of standards of concrete 
durability, application of constituent cements to achieve certain high resistance of concrete, 
and temporary chloride test methods. The following contents from Section 2.5 to 2.8 
emphasised the maintenance approach to enhance the chloride durability of concrete structure 
in Phase II, including electrochemical remediation, coating protection on chloride 
contaminated concrete structure, and the development of service life prediction model based 
on Fick’s second law.  
2.1 The Process of Chloride Attack 
2.1.1 Sources of Chlorides 
Chloride sources in concrete are usually either internal or external, for example, internal 
chloride usually is found in the component material of concrete, including aggregates, 
cements, mixing water and other admixtures. However, the maximum permissible chloride 
concentration in raw materials is limited within standards, approval documents and guidelines 
(BS EN 12620, 2013, BS EN 206-1, 2000) which make the influence of the internal chlorides 
negligible. Therefore, most of the chloride, which jeopardise the long-term durability of the 
reinforcement concrete, came from the ingress of external sources. This can be a concern for 
designers as marine environment and de-icing salts (Bertolini, 2013, Angst, 2011, Thomas 
and Matthews, 2004, De Rincon et al., 2004) can be a challenge.  
2.1.2 Chloride Ions Transport Mechanisms 
The ingress of liquids or gases into concrete takes place through pore spaces in the cement 
paste matrix or micro-cracks (Poulsen and Mejlbro, 2006). A variety of transport mechanisms 
(physical or chemical) control the transport of substances into the concrete, depending on 
substance type and location, the environmental conditions, the pore structure of concrete, the 
degree of saturation of pore system and the temperature. It was reported (Yuan et al., 2009) 
that when concrete is saturated, i.e. in fully submerged condition, the transport of chlorides is 
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governed by the movement on mass through the pore solution; but when not saturated, 
capillary suction or absorption is the crucial mechanism.  
 
With respect of the wide range of pore sizes and a variable moisture condition in the concrete 
according to the climatic exposure environment, the movement of media into concrete in 
most cases is not attributed to one single mechanism, but several mechanisms may conduct 
simultaneously (Ann et al., 2009, Long et al., 2001). There are numbers of mechanisms by 
which chloride transport can take place into concrete. The most common of these 
mechanisms reviewed in literature are detailed in Table 2.1. However, there are also other 
opposing mechanisms that slow the chlorides transport down. These include chemical 
reaction (chemical chloride binding) to form chloro-aluminates and adsorption (physical 
chloride binding) onto the pore walls (Yuan et al., 2009, Glass and Buenfeld, 2000a, Martin-
Perez et al., 2000).  
Table 2.1 Mechanisms of chloride transport into concrete 
Mechanism Description Reference 
Diffusion 
The movement of free chloride ions in pore 
solution under a concentration gradient from a 
region of higher concentration to a region of lower 
concentration. 
(Poulsen and Mejlbro, 2006, 
Baroghel-Bouny et al., 2007, 
Ann et al., 2009)  
Absorption 
/Suction 
Transport of chlorides with absorbed water into 
concrete by capillary action. It is dominant in the 
surface zone where the concrete is unsaturated. 
(Ann et al., 2009) 
Permeability The penetration of chlorides into saturated 
concrete under a pressure head.  (Long et al., 2001) 
Migration 
Transport of chloride ions in electrolytes due to 
the action of an electrical field as the driving 
force, where positive ions move to the negative 
electrode and negative ions to the positive one 
 (NORDTEST, 1999, UNE, 
2009) 
 
2.1.3 Types of Chloride Ions in Concrete 
The chloride ions dissolved in the pore solution of concrete is called free chloride, while 
chloride ions absorbed physically by the pore wall or bound chemically to the hydration 
product of the cement is called bound chloride. It is acknowledged that only the free chloride 
ions in the pore solution can transport to further depths and act contributions on steel-
corrosion (Poulsen and Mejlbro, 2006). Research indicates that both types of chloride 
normally exist simultaneously to establish a chemical equilibrium between both (Florea and 
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Brouwers, 2012, Thomas et al., 2012, Luo et al., 2003). The sum of the free chloride and 
bound chloride is called total chloride.  
2.1.4 Chloride Binding Effect 
Chloride binding, normally known as chemical and physical chloride binding,  is defined 
(Glass et al., 2000a) as the interaction between concrete bulk matrix (normally alumina 
phase) and chloride ions which leads the removal of mobile chloride from the pore solution 
of concrete. The ratio of free chloride content and bound chloride content is commonly 
defined as the chloride binding capacity, which is highly dependent of chemical composition 
of the cement.  
 
The chloride binding effect of preventing or delaying chloride-induced corrosion of steel 
mainly behaves two ways: (i) decrease in chloride concentration in pore solution surrounding 
embedded steel lowerring the risk of corrosion; and (ii) rate of chloride ingress is retarded by 
removal of chlorides from the diffusion flux.  
2.1.5 Process of Chloride Corrosion Embedded Steel in Concrete 
Corrosion is the destructive result of an electrochemical reaction between a metal or metal 
alloy and its environment. Steel reinforcement corrosion in concrete is accelerated by the 
ingress of aggressive substances such as chlorides from the surrounding environment (Chen 
and Mahadevan, 2008, Glass et al., 2000b).  
 
Indeed, the concrete cover around the steel reinforcement provides both chemical and 
physical protection from corrosion. The chemical protection is the high alkalinity of the 
concrete pore solution, which has a pH value of approximately 13, leading to a permanent 
protective passivating film on the surface of the steel (Poupard et al., 2006, McPolin et al., 
2005). On the other hand, the physical protection is the density and permeability of the 
concrete cover, which limits the diffusion of substances such as chlorides, oxygen and water 
toward the steel. 
 
Corrosion of the steel may take place if the chemical protection fails to be effective and the 
passive film is penetrated (or becomes unstable). The probability of depassivation of steel 
increased with the [Cl-]/[OH-] ratio in the pore solution of concrete when exposed to external 
sources of chloride, beyond a threshold ratio of about 3 (Lambert et al., 1991).  However, it 
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has been illustrated by Bertolini et al. (2013) that the chloride ions, at sufficiently high 
concentrations, are effectively destabilise the passive film irrespective of high pH level 
associated with concrete pore solution. This chloride-induced corrosion results into two ways: 
(i) the volume of corrosion products are 2-4 times greater than that of original steel which 
leads in spalling or delimitation of concrete ; (ii) the loss of effective cross-section of 
reinforcement by corrosion, equally, reduction of load-bearing capacities, results in structure 
failure (Neville, 2011). It is worth noting that most of the actual damage in concrete is the 
form of cracking produced by the continued deposition of rust in the vicinity of the 
reinforcing steel, and these responses may be far more damaging to the structure than the loss 
of section of the reinforcing steel (Bertolini, 2013, Broomfield, 2006). 
 
In view of this two-step process of depassivation followed by active corrosion, Tuutti (1982) 
proposed a model featuring the corresponding two phases, as shown in Figure 2.1: (i) the 
initiation period which is the time for chlorides to cause depassivation; and (ii) the 
propagation period which is the time required for necessary repairs or end of working life to 
be achieved.  
 
Figure 2.1 Modified chloride-induced corrosion model (Tuutti, 1982) 
Based on Tuutti’s proposal, Chen and Mahadevan (2008) developed a more detailed model, 
where they divided the propagation period into two phases composing of the time to tstress 
and, thereafter, tspalling. However, it should be kept in mind that the corrosion in the active 
corrosion stage does not ordinarily take place at a constant and uniform rate, as might be 
inferred from Figure 2.1. Changes in environmental conditions, especially temperature and 
degree of wetness may accelerate or decelerate the actual rate of corrosion under practical 
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conditions. Thus, it is more likely reasonable to propose a modified model for the corrosion 
processes as marked red line diagrammatically in Figure 2.1. In this model the corrosion rate 
during the propagation stage is present to vary with time, and to be accelerated significantly 
once the concrete cover has cracks because of rust formation. 
 
The initiation phase is dominated by the penetration of chloride ions through concrete, 
commencing at the time of chloride ingress from the surrounding environment toward the 
reinforcement, and ending at the point where the accumulated chloride concentration reaches 
the threshold value. The influence of chloride ions on depassivating the steel protection film 
can be seen as a function of the net balance between two competing processes: stabilisation 
of the film by hydroxide ions and disruption of the film by chloride ions (Ahmad, 2003). 
Some chloride ions in the pore solution will not break down the passive layer, especially if it 
is effectively re-establishing itself when damaged. It has been suggested that there is a 
threshold concentration of chloride ions that must be exceeded before depassivation can take 
place (Angst, 2011, Alonso and Sanchez, 2009, Alonso et al., 2002), and the threshold 
concentration is discussed in the next section.  
 
The propagation stage commences with the accumulation of corrosion products (rust), which 
occupies the porosity in surrounding area and then causes in form of cracking, spalling and 
delimitation of concrete (Bertolini, 2013). It is worth noting that the process of corrosion will 
not occur without the presence of moisture and oxygen. Moisture is a fundamental 
requirement for the establishment of the corrosion cell, and moisture and oxygen together 
result in the formation of more [OH-] thereby producing more rust component. Besides, 
oxygen is also important to the progress of cathodic reactions. In the absence of sufficient 
oxygen, even in a situation of depassivation, corrosion will not progress due to cathodic 
polarization (Bertolini, 2013). 
 
Of the three phases, the first phase usually lasts for a relatively long period, depending on 
corrosion resistance of the reinforcement, thickness and quality of the concrete cover, 
ambient chloride content, etc (Xu et al., 2011, Chen and Mahadevan, 2008). The second 
phase is much shorter than the initiation phase, which is determined mainly by the pore 
structure and strength of concrete around the reinforced steel. The third phase is the shortest 
one since the rust expansion-induced cracks propagate rapidly to cause final failure of 
concrete. Considering only the chloride-induced reinforcement corrosion, the entire working 
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life may be defined as the sum of all three phases. Under specified design requirements, the 
termination of working life can also be defined by an acceptable level of corrosion indicated 
on the vertical axis of Figure 2.1. In the Bamforth Model, for example, it defined an 
acceptable level of corrosion is that  the accumulated chloride content surrounding the 
embedded steel exceeds the critical threshold chloride content of 0.4% by weight of cement 
in concrete (Bamforth, 2004).  
2.1.6 Critical Threshold Content (Ccrit) 
Knowledge of reliable Ccrit is important since the remaining working life is associated with 
the time required to achieve the chloride threshold content at the depth of the reinforced steel. 
In order to predict the working life of structure, Ccrit has been identified to be one of the most 
decisive input parameters in working life modelling (Lin et al., 2010, Pack et al., 2010). 
 
The Ccrit can be defined in two ways: (i) from a scientific point of view, it is defined as the 
chloride content required for depassivation of the steel; (ii) from a practical engineering point 
of view, it is usually the chloride content associated with visible or acceptable deterioration 
of the reinforced concrete structure. Table 2.2 summarises published data from experiments 
in which steel was embedded in cement-based materials under laboratory conditions; these 
involve concrete, mortar and cement paste reported in Angst et al. (2009). The critical 
chloride content is most commonly expressed as total chloride content relative to the weight 
of the cement, and other expressions such as free chloride contents, [Cl-]/[OH-] and [Cl-]/[H+] 
are also presented in publications.These published results display great variations. Since 
different reporters used different test methods, a lack of standardised procedures contributes 
significantly to this inconsistency.  
Table 2.2 Chloride threshold data under laboratory conditions (Angst et al., 2009) 
Medium w/c Ratio  Cement Type 
Chloride Threshold Content, Ccrit 
[Cl-]:[OH-] Free-Chloride& 
Total-
Chloride&  [Cl
-]:[H+] 
Paste 0.5 CEM I, GGBS, SPRC 3 - 20 n/d 1.5 - 2.5   
Mortar 0.3-0.75 CEM I, FA, SF, SPRC, RHPC 0.09 - 45 0.1 - 4.0  0.04 - 8.34 
 
Concrete 0.3-0.75 CEM I, FA,SF, GGBS, SPRC 0.16 - 0.26 0.07 - 0.65 0.1 - 2.02 0.02* 
&: Relative to the weight of cement; * reference of (Xu et al., 2011)  
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2.2 Cements and Durability Standards 
2.2.1 National and European Cement Standards 
Table 2.3 lists current standards of cements in the UK with reference to Portland cement, fly 
ash (BS EN 450-1, 2012), ground granulated blast-furnace slag (BS EN 15167-1, 2006), 
limestone (BS 7979, 2001), silica fume (BS EN 13263-1, 2013) and metakaolin, which are 
the addition materials to be used in concrete throughout this research work.   
Table 2.3 Current standards about PC, FA, GGBS, LS, SF and MK  
Material (Abbreviation)  
 
Current British Standard 
Portland cement (PC)  BS EN 197-1:2011 
Fly ash (FA) BS EN 197-1:2011; BS EN 450-1:2012 
Ground granulated blast furnace slag 
(GGBS) 
 BS EN 197-1:2011; BS EN 15167-1:2006 
Limestone (LS)  BS EN 197-1:2011; BS 7979:2001 
Silica fume (SF)  BS EN 197-1:2011; BS EN 13263:2005+A1:2009 
Metakaolin (MK)     ASTM C618 
  
Table 2.4 outlines the 27 products in the family of common cements from Table 1 of  
BS EN 197-1 (BS EN 197-1, 2011).  These cements are divided into five main cement types, 
each including various classifications, representing types of common cements and their 
composition.  The term “composition” means to materials which constitute the sum of all the 
main and minor additional constituent materials.  As indicated in Table 2.4, all these cement 
combinations consist of clinker and minor additional constituents permitted up to 5%.  With 
respect to Type II cements, the final letter corresponds to the main non-clinker component. 
The exception is Portland composite cements, which may contain several constituents; these 
are designated ‘M’.  The designations A and B correspond to the ranges of clinker/non-
clinker used.  High GGBS content concretes are designated as classification III with different 
levels depending on the amount of replacement (A, B and C).  Composite cements comprise 
GGBS and quantities of natural pozzolana (P), industrial pozzolana (Q) or siliceous fly ash 
(V).  Thereafter, pozzolanic cements (IV) may contain silica fume (D), natural pozzolana (P) 
and (Q) and siliceous fly ash (V).   
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Table 2.4 The 27 products in the family of common cements specified in BS EN 197-1 (BSI, 2011) 
 
Composition, percentage by massa) 
Main constituents 
Pozzolana Fly ashes  
Clinker 
Blast-
furnace 
slag 
Silica 
fume Natural Natural 
calcined Siliceous Calcareous 
Burnt 
shale Limestone 
Minor 
additional 
constituents 
 
Main 
Types 
 
 
Notation  of the 27 products   
(types of common cement) 
 
K S Db) P Q V W T L LL  
CEM I Portland cement CEM I 95-100 - - - - - - - - - 0-5 
CEM II/A-S 80-94 6-20 - - - - - - - - 0-5 Portland-slag 
cement CEM II/B-S 65-79 21-35 - - - - - - - - 0-5 
Portland-silica 
fume cement CEM II/A-D 90-94 - 6-10 - - - - - - - 0-5 
CEM II/A-P 80-94 - - 6-20 - - - - - - 0-5 
CEM II/B-P 65-79 - - 21-35 - - - - - - 0-5 
CEM II/A-Q 80-94 - - - 6-20 - - - - - 0-5 
Portland- 
pozzolana cement 
CEM II/B-Q 65-79 - - - 21-35 - - - - - 0-5 
CEM II/A-V 80-94 - - - - 6-20 - - - - 0-5 
CEM II/B-V 65-79 - - - - 21-35 - - - - 0-5 
CEM II/A-W 80-94 - - - - - 6-20 - - - 0-5 
 
Portland-fly ash 
cement 
CEM II/B-W 65-79 - - - - - 21-35 - - - 0-5 
CEM II/A-T 80-94 - - - - - - 6-20 - - 0-5 Portland-burnt 
shale cement CEM II/B-T 65-79 - - - - - - 21-35 - - 0-5 
CEM II/A-L 80-94 - - - - - - - 6-20 - 0-5 
CEM II/B-L 65-79 - - - - - - - 21-35 - 0-5 
CEM II/A-LL 80-94 - - - - - - - - 6-20 0-5 
Portland- 
limestone cement 
CEM II/B-LL 65-79 - - - - - - - - 21-35 0-5 
CEM II/A-M 80-94 6-20 0-5 
 
CEM II 
 
Portland-
composite cement CEM II/B-M 65-79 21-35 0-5 
CEM III/A 35-64 36-65 - - - - - - - - 0-5 
CEM III/B 20-34 66-80 - - - - - - - - 0-5 CEM III Blastfurnace 
cement 
CEM III/C 5-19 81-95 - - - - - - - - 0-5 
CEM IV/A 65-89 - 11-35 - - - 0-5 
CEM IV 
Pozzolanic 
Cementc) CEM IV/B 45-64 - 36-55 - - - 0-5 
CEM V/A 40-64 18-30 - 18-30 - - - - 0-5  
CEM V 
Composite 
Cementc) CEM V/B 20-39 31-50 - 31-50 - - - - 0-5 
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2.2.2 BS 8500 (BSI, 2006) and BS EN 206-1 (BSI, 2000) durability specification  
As mentioned previously in Section 2.2.1, BS 8500 (BSI, 2006) and BS EN 206-1 (BSI, 
2000) relate to the specification, production and conformity of fresh concrete. BS 8500-1 
specifies certain concretes to cover a range of exposures which results in this specification 
acting as a linked multi-exposure or singular exposure class system (that is, chloride attack 
(XD or XS) and carbonation attack (XC)). This provides wide options when concrete is 
exposed to varying environments.   
 
However, BS 8500 provides five approaches to the specification of concrete, whereas BS EN 
206-1 only offers three. The specification of designated (not recommended in BS 8500 for 
resisting chloride-induced corrosion [Clause A.4.2 BS 8500-1]) and proprietary concretes are 
included in BS 8500 whilst standardised prescribed, designed and prescribed concretes are 
allowed in both standards. Both standards list 18 exposure classes. With respect to concrete 
surrounding to external chlorides, these are classified under XD (corrosion induced by de-
icing salt) or XS (corrosion induced by chlorides from sea water) exposure classes. These two 
exposures each consist of three sub-class descriptions. Such descriptions listed in BS 8500 
are outlined in Table 2.5.    
 
Taking an approach common to both standards, a review detailing designed concretes is 
presented. This approach has been chosen taking account of the following recommendations 
provided in BS 8500 (BSI, 2006). These are: (i) designated concretes do not cover XD and 
XS exposure provisions; (ii) it is better to use designed concretes as opposed to prescribed 
concretes; (iii) proprietary concretes are not covered in both standards; and (iv) standardised 
prescribed concretes are only applicable to housing and similar construction. 
 
Designed concretes are specified in BS 8500 for intended working lives of 50 and 100 years.  
Certain cements outlined in Table 1 of BS EN 197-1 (BSI, 2000) (Table 2.4) are applied in 
BS 8500 respectively where distinction is made between manufactured cements and those 
combined at the concrete mixer (BSI, 2006).  BS 8500-1 (BSI, 2006) states that “cement is a 
single powder containing, for example, Portland cement and fly ash, supplied to the concrete 
producer and it is designated using the notation ‘CEM’.  However the designation of a 
“combination” is applied “where the concrete producer combines Portland cement with, for 
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example, fly ash at the concrete mixer” this is designated with the notation ‘C’.  These 
cements are used in the trade-off option for different concrete exposure conditions.   
 Table 2.5 Chloride induced corrosion exposure classes (BS 8500-1:2006) 
CORROSION INDUCED BY CHLORIDES OTHER THAN FROM SEA WATER 
Class 
Designation 
Description of 
the environment Informative examples where exposure classes may occur 
Where concrete containing reinforcement or other embedded metal is subject to contact with water 
containing chlorides, including de-icing salts, from sources other than from sea water, the exposure 
shall be classified as follows: 
XD1 Moderate humidity Concrete surfaces exposed to airborne chlorides. 
Reinforced and prestressed concrete wall and structure supports 
more than 10 m horizontally from a carriageway. Bridge deck soffits m re than 5  vertically above the carriageway. 
Parts of structures exposed to occasional or slight chloride 
conditions. 
XD2 Wet, rarely dry Reinforced and prestressed concrete surfaces totally immersed in 
water containing chlorides. 
Buried highway structures more than 1 m below adjacent 
carriageway. 
XD3 Cyclic wet and dry Reinforced and prestressed concrete walls and structure supports 
within 10 m of a carriageway. 
Bridge parapet edge beams. 
Buried highway structures less than 1m below carriageway level. 
Reinforced pavements and car park slabs. 
CORROSION INDUCED BY CHLORIDES FROM SEA WATER 
Class 
Designation 
Description of  
the environment 
Informative examples where exposure classes may 
occur 
 
XS1 Exposed airborne salt but not  
direct contact with sea water 
External reinforced and prestressed concrete surfaces 
in coastal areas. 
XS2 Permanently submerged Reinforced and prestressed concrete surfaces 
completely submerged and remaining saturated, e.g. 
concrete below mid-tide level. 
XS3 Tidal, splash and spray zones Reinforced and prestressed concrete surfaces in the 
upper tidal zones and the splash and spray zones. 
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Therefore, in specific conditions where the concrete producer is not required to specify a 
particular cement they can select from: (i) Portland composite cement; (ii) pozzolanic cement 
or; (iii) the composite cement listed in Table 2.4 (reproduced from Table 1 of BS EN 197-1).  
Where Portland composite cements are not covered in BS 8500, they can be used when 
specified or agreed with the specifier. As a result of these current conditions, there appears to 
be scope within the standards for utilising a range of material combinations. However more 
information is required to improve their widespread application.    
 
Finally, an evaluation of the allowable minimum water contents specified for these concrete 
in BS 8500-1 was undertaken as part of the current review. The current review of these 
designed concretes has highlighted that in certain cases extremely low total water content are 
recommended which questions the validity of their inclusion. It was reported (Dhir et al., 
2001) that, with advances in concrete technology, it is now possible to achieve workable 
concrete with water contents below 180 l/m3. These advances included: particle packing 
methodologies, water reduction and superplasticising admixtures and addition materials 
applications. However, with respect to exposures XD3, XS1 and XS3, water contents in the 
range of 133 l/m3 with w/c ratios of 0.35 would seem to be extremely low. Indeed, it is stated 
in BS 8500 (BSI, 2006) “in some parts of the UK it is not possible to produce a practical 
concrete with a maximum w/c of 0.35”.   
2.3 Application of Cementitious Materials in Concrete  
It is widely recognised that the most effective enhancement of chloride resistivity of concrete 
can be guaranteed at the design stage of a project by designing adequate concrete cover and 
high durability concrete (Lothenbach et al., 2010, Shekarchi et al., 2010, Song et al., 2007). 
No doubt exists that the increase in cover thickness results in more barriers for chlorides 
transporting towards the reinforcement, and subsequently increases the time for steel 
corrosion to take place. However, the increase of the cover thickness in concrete structures 
requires more material and investment costs, and may be restricted by mechanical and 
practical reasons (such as shrinkage cracking)(Li et al., 2010, Gleize et al., 2007, Lee et al., 
2006). Alternatively, research has emphasised on the usage of additional cements in concrete 
to achieve desirable strength, durability and sustainability of concrete (Lothenbach et al., 
2010, Elahi et al., 2010, Li and Ding, 2003, Menendez et al., 2003, Kuroda et al., 2000, Bentz 
et al., 2000b, Thomas et al., 1999). 
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2.3.1 Characteristics of Cementitious Materials  
The following section describes the properties of the cementitious cements used in the 
research. Variations belonging to individual industrial by-product or manufactured product 
will generate influences on the both fresh and hardened concretes. Moreover, the majority of 
the work is concerning their effects on changes of the pore structure and the chloride binding 
capacity of concrete, those are commonly considered as main attributors to against chloride 
attack. Additionally, the impacts of these cements on the fresh, strength and permeation 
properties of concrete are summarised in Appendix A, Table A.1. 
 
Fly Ash (FA) 
FA is a finely divided residue that is a by-product of the combustion of ground or powdered 
coal exhaust fumes of coal-fired power stations (Bamforth, 2004). It is mainly composed of 
siliceous and aluminous ingredients, and different content in calcium oxide that defining FA 
classification as high and low calcium classification. The high calcium FA performs 
cementing properties, while low calcium (less than 10%) FA possesses pozzolanic properties, 
which is used in this programme. The specific gravity of FA is about 2.25, much lower than 
that of PC. The FA particles are spherical and have a very high fineness: the vast majority of 
particles have a diameter between less than 1 um and 100 um (Neville, 2011).  
 
The incorporation of FA in concrete can increase the total porosity of cement paste at early 
age, due to the reduction of clinker content and its latent pozzolanic property which requires 
activation by Ca(OH)2 liberating from hydration of clinker (Chindaprasirt et al., 2007, 
Chindaprasirt et al., 2005). The more FA used in the cement paste, the higher total porosity 
(Yu and Ye, 2013, Chindaprasirt and Rukzon, 2008). FA addition can refine the pore 
structure of cement paste, and generate a smaller critical pore radius in blended cement paste 
at later curing age (Yu and Ye, 2013). The increase in chloride binding capacity of concrete 
by partial addition can not only slow down the transport of free chloride ions (Thomas et al., 
2012, Cheewaket et al., 2010), but refine the pore structure by means of formation of 
Friedel’s salt (Florea and Brouwers, 2012). 
 
Normally, the incorporation of FA is at proportions of between 20% and 35% (Song et al., 
2007), while current standards permit its addition up to 55% (BS EN 197-1, 2000).  It must 
be recognised that the advantageous technologies applied in present industries caused great 
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difference between the properties (such as fineness) of present FA. The current classification 
for FA as stated in BS EN 450 (BS EN 450-1, 2012) are outlined in Table 2.6. 
Table 2.6 Fly ash classification (BS EN 450-1:2012) 
Classifications 
Lo
ss
-
o
n
-
Ig
n
iti
o
n
 
Category 
Fi
n
en
es
s 
Category 
≤ 5% A ≤ 40% by mass 
retained on 
45µm sieve 
N 
≥ 2% and ≤ 
7% B 
≤ 12% by mass 
retained on 
45µm sieve 
S 
≥ 4% and ≤ 
9% C 
 
Ground Granulated Blast Furnace Slag (GGBS) 
GGBS is a by-product material of the iron-making industry. The composition of GGBS is 
mainly determined by the iron producer to optimise the quality of the iron. Generally, GGBS 
has a fineness and specific surface area similar to PC particles and contains very limited 
amount of crystals (Hadj-sadok et al., 2011). Emil Lange (1862) is credited with discovering 
the latent pozzolanic properties of GGBS, with the first commercial use of slag-lime is 
reported to have occurred in Germany in 1865 (Bijen, 1996). GGBS has been available for 
use in UK for over 80 years, normally being added to concrete in quantities of 40% - 70% of 
the total constituent cements content. Current standards do permit both lower and higher 
quantities to be applied (BSI 8500-1, 2006, Bamforth, 2004).  
 
The amorphous phase in the GGBS is the reactive part, as when in contact with water the 
glass in the GGBS dissolves and the dissolved components react with water to produce 
cementitious agents (Bijen, 1996). Although chemical composition undoubtedly affects 
GGBS reactivity, no general valid functional correlation between hydraulicity and chemical 
composition has been established (Bijen, 1996), nevertheless, some general trends can be 
observed. Increasing the SiO2 content appears to have a negative effect, while an increase in 
CaO is positive on its activity. Increasing the MgO content appears to be favourable up to 
18%. There is no risk of swelling due to the hydration of free MgO, which can occur if high 
MgO contents are present in Portland clinker.  
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Chloride binding capacity of concrete was reported to increase with GGBS replacement level, 
which is attributed to a result of high aluminate levels in GGBS leading to the production of 
higher quantities of Friedel's salt (Thomas et al., 2012, Luo et al., 2003, Dhir et al., 1996). In 
addition, the modification of pore structure by the incorporation of GGBS in mortar and 
concrete was found from MIP and SEM technology (Cheng et al., 2005, Luo et al., 2003). 
The result of GGBS reacting with water and Ca(OH)2 released by PC hydration to form extra 
C-S-H gel is the main factor in the refinement of the microstructure.  
 
Limestone (LS) 
LS is a very finely-ground mineral material, which can be manufactured naturally or 
artificially. It is widely used with its fineness of particles to improve some properties of 
concrete, such as workability, density, permeability and capillarity (Zheng, 2001).   
 
Research has found that LS not just acts as an inert filler material, but contributes to the 
hydration phase of concrete, chemically, through the formation of calcium mono-
carboaluminate (C3A.CaCO3.11H2O) which is a contributor to strength development.  
Furthermore, chemically the consumption of calcite, acceleration in hydration of C3A, C3S 
and C4AF phases, C-S-H changes due to the presence of CaCO3 and enhancement in the ITZ 
between LS and cement paste all indicate the reactivity of LS (Bonavetti et al., 2001, Heikal 
et al., 2000, Kakali et al., 2000).  
 
Lack of binding ability to free chlorides, there are doubts into the use of LS to enhance the 
chloride resistance of concrete. It has been reported  that the filling effect of LS powder can 
reduce the critical pore diameter of the blended cement paste and gains a more uniform pore 
size distribution by means of MIP and nuclear magnetic resonance (NMR) cryoporometry 
(Pipilikaki and Beazi-Katsioti, 2009).  
 
The first Standard specifying the application of LS filler in concrete was developed in France 
in the 1970s (Poitevin, 1999), permitting the use of up to 35% LS and this is the current limit 
specified in BS EN 197-1. While PC/LS blends have been utilised for many years in Europe, 
it was only in 2004 that the ASTM International C150 was modified to allow the 
incorporation of up to 5% LS in PC (Bentz et al., 2009). Whilst higher addition rates of 10% 
to 15% are currently being discussed in the U.S.A., the Canadian Standards Association has 
in fact approved Portland Limestone Cements of up to 15%. 
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Silica Fume (SF) 
SF, also known as micro silica or condensed silica fume, is a by-product of the silicon and 
ferrosilicon industry. The reduction of high-purity quartz to silicon at temperatures up to 
2000◦C produces SiO2 vapours, which oxidizes and condense in the low-temperature zone to 
tiny particles consisting of non-crystalline silica. SF has a very high content of amorphous 
silicon dioxide, usually greater than 90%, and consists of extremely fine spherical particles. 
Small amounts of iron, magnesium, and alkali oxides are also found within this cement (Khan 
and Siddique, 2011). 
 
SF, with pozzolanic property, reacts in the presence of Ca(OH)2 (Valenza II and Scherer, 
2007). Physically, SF particles act as nucleation sites in accelerating the hydration of 
tricalcium silicates (C3S) present in PC, while also improving particle packing density of 
concrete (Bamforth, 2004). Secondly, both physical and chemical benefits are reportedly 
achieved in the thinner initial transition zone (ITZ) in concrete by packing against the surface 
of aggregates (Song et al., 2007, Justnes, 2002).  
 
In addition, SF was reported to reduce in the capillary porosity of both bulk paste and ITZ, 
due to its modification of the inherent microstructure of the pozzolanic C-S-H gel (Bentz et 
al., 2000b, Bentz et al., 2000a). Similar research reported (Song et al., 2007) that the major 
portion of the porosity reduction is the attribution of transferring from the volume occupied 
by the Ca(OH)2 and SF reactants to the volume with C-S-H product by pozzolanic reaction. 
In respect to the binding capacity aspect, the negative effect has been found in the partial 
replacement of cement by SF (Thomas et al., 2012). The reasons were due to the lack of 
aluminate phases in concrete that are able to chemically bind chlorides.  
 
SF was first used in concrete in 1950 where it was sourced as a by-product in the 
manufacturing of silicon metal and ferrosilicon alloys (Sellevold, 1987). In respect to UK 
construction SF is typically added to replace cement at contents up to 10% by weight of 
cement (BS EN 197-1, 2000).  The Concrete Society (2004) has noted that above this content 
the benefits attributed due to its application reduce.  
 
Metakaolin (MK) 
In mortar or concrete, MK is commonly used as a pozzolanic material. Unlike other 
pozzolans, MK is a primary product, which is generated by the calcination of kaolinitic clay 
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at temperatures of 500-800ºC. With angular shaped particles, MK is physically finer than PC, 
but not as fine as SF. MK is a highly reactive aluminosilicate pozzolan that conforms to 
ASTM C618, Class N pozzolan specifications (ASTM C618-12a, 2012). 
 
MK, comprises of silicon, aluminium oxides and low calcium oxides, and is varied from the 
mineralogical composition of the original kaolin. MK can consume effectively and rapidly 
Ca(OH)2 to produce C-S-H gel, and reacts with C-S-H to produce alumina-containing phases, 
including C4AH13, C2ASH8, and C3AH6 (Rashad, 2013, Lagier and Kurtis, 2007, Batis et al., 
2005). Due to the high levels of silica and alumina in MK, the C/S ratio of the corresponding 
produced C–S–H gel is expected to be greater than that of SF and FA (Zibara et al., 2008). It 
was found  that MK has a catalysing effect on cement hydration, leading to acceleration in 
the reaction rates and increase in cumulative heat evolved during early hydration (Lagier and 
Kurtis, 2007). 
 
Researches (Badogiannis and Tsivilis, 2009, Poon et al., 2006) reported that the incorporation 
of MK in concrete can refine pore system, resulting in a diminished mean pore size, advanced 
uniformity of the pore size distribution and diminished volume of pores with size more than 
160 nm. The Al2O3 content of MK, results in an improvement in the chloride binding 
capacity compared to other addition cements was stated in the research (Thomas et al., 2012).  
2.3.2 Influence of FA and GGBS on Chloride Ingress in Concrete 
2.3.2.1 PC/FA Concretes 
Against chloride attack, the refinement of pore size and improvement of chloride binding are 
considered to be the most positive effects imparted on concrete when replacing cement with 
FA (Zeng et al., 2012, Bamforth, 2004, Montemor et al., 2000). Many researches have 
demonstrated beneficial influences with FA, i.e. in a sustainable decrease in chlorides 
penetration, compared to that of ordinary Portland cement concrete (Ahmed, 2008, Oh et al., 
2002).  Oh et al. (2002) found that the addition of FA (15% and 30%) greatly decreased the 
chloride permeability values of concrete with 0.34 w/c and 0.45 w/c ratio, compared to that of 
100PC concrete.  
 
Zeng et al. (2012) carried out a comprehensive evaluation on the impact of incorporating FA 
with various levels (20%, 40% and 60%), on pore structure of cement paste, involving 
inordinately changes in total porosity, pore size distribution, internal surface area as well as 
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critical pore radius. In general, the incorporation of FA can increase total porosity at early age 
and specific surface area of cement paste, but refine the critical pore radius. The more FA 
added up to a limit, the more pronounced changes they are at early age but less significant 
with curing time. The research also demonstrated that w/c ratios have determinant influence 
on all characteristics of pore structure, with cement pastes with higher w/c ratio inducing 
higher total porosity, lager critical and average radius than those of lower w/c ratio. It was 
also noted that addition of fine FA can reduce average pore sizes in the paste fraction and 
subsequently improve the interfacial zone of concrete (Chindaprasirt et al., 2007).  
 
Figure 2.2 Chloride binding capacity of concrete blended with FA (Cheewaket et al., 2010) 
Cheewaket et al. (2010) carried out an investigation looking at the influences on chloride 
binding capacity of FA blended concrete with varying FA contents and w/c ratios at different 
ages. Concrete was exposed to two wet-dry cycles of seawater daily, and was tested at 3, 4, 5 
and 7 years, respectively. As shown in Figure 2.2, the blended FA concretes obtained higher 
chloride binding capacity than those without FA, due to the higher content of aluminium 
oxide in FA, with the higher the FA content, the higher the chloride binding capacity. 
Additionally, the chloride binding of concrete exposed for 3 years was more pronounced at 
w/c ratio of 0.45 than that at w/c ratio of 0.55 and 0.65. However, there was no significant 
variation of chloride binding capacity with varying w/c ratios from 0.45 to 0.65 up to 7 year 
exposure. Dhir and Jones (1999) also reported the influence of w/c ratios on the chloride 
binding capacity was insignificant when concrete blended with 50% FA were studied at w/c 
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ratios of 0.55, 0.41 and 0.28. The chloride binding capacity was observed to increase in 
concrete blended FA from 0% up to 50% but started to decrease when blended content is of 
67%. However, Thomas et al. (2012) found that the impact of w/c ratio was remarkable for 
constituent cements that contained large quantities of alumina at low w/c ratio (below 0.5), 
especially exposed to solution of high chloride concentration. This may be attributed to that 
the hydration and pozzolanic reactions are stifled at the lower w/c ratio and that much of the 
alumina present does not become available for the formation of Friedel’s salt. 
 
Dunne (2012) investigated the durability of FA blended concrete of 0.35, 0.5 and 0.65 w/c 
ratio at 28, 90 and 180 testing days. It was found that the incorporation of FA greatly 
improved the durability of the concrete, expressed by decreased chloride permeability values 
and diffusion coefficients. However, the effect of reduction was limit when the content of 
blended FA was over 30%. Furthermore, the reduction of values was more pronounced at 180 
days than that of 28 days. The similar trend has been reported by Ahmed (2008), who 
determined influences of the rapid chloride permeability values of 0.48 w/c ratio and total 
cementitious content of 450 kg/m3 by different FA content. Dhir and Jones (1999) stated that 
the use of FA can result in up to 2-4 times better performance on chloride ingress than PC 
concrete at up to 30% replacement level. In their studies, they researched a single w/c of 0.50 
and cementitious content of 300kg/m3. Inversely, increasing FA contents to 50% and 67% 
gave rise to a reduction in resistance to chloride ingress, mainly due to the decrease of 
chloride binding capacity. These findings from experiments are illustrated in Figure 2.3.  
 
Figure 2.3 Influence of FA content on chloride ingress of concrete  
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2.3.2.2 PC/GGBS Concretes 
In general, the addition of GGBS in concrete refines pore networks and improves chloride 
binding capacities and subsequently reduces chloride transport through concrete compared to 
that of 100PC concretes (Thomas et al., 2012, Guneyisi and Gesoglu, 2008, Luo et al., 2003).   
 
Luo (2003) investigated the influence of GGBS on the pore structure of concretes, where 
samples of mortar with a 70% replacement of PC by GGBS were intruded by mercury to 
measure the microstructure at the curing age of 28 and 60 days. The findings showed that part 
of coarse pores of mortar was reduced significantly when 70% GGBS added, especially for 
samples of 60 curing days. Cheng (2005) used SEM technology to analyse the differences in 
pore networks between PC concrete and GGBS blended concrete. The findings indicated that 
the added GGBS reduced large capillary pores greatly compared to PC concrete. The higher 
content of added GGBS (40% and 60%), the denser concrete it gains. Hadj-sadok et al. 
(2011) reported the microstructure of mortar modified by active GGBS at different age. The 
investigation was carried out on mortar of 0.5 w/c ratio with GGBS inclusion level of 30% 
and 50%. It was cited that the inclusion of GGBS increased the porosity of mortar (measured 
by MIP), due to the reduction of clinker content and latent hydration of GGBS. However, the 
pore size distribution was greatly modified in GGBS mortar, which resulted in much smaller, 
finer pores than that of mortar without GGBS and mainly concentrated on the radius of small 
values. The SEM analysis observed the relatively denser hydrate structure but no ettringite 
needles when 50% GGBS was used at age of 360 days in wet condition, which explained the 
effect of refinement in pore networks.  
 
Chemical binding is usually defined as the reaction between chlorides and C3A to form 
Friedel’s salt or the reaction with C4AF to form a Friedel’s salt analogue (Florea and 
Brouwers, 2012, Zibara et al., 2008). Alumina is a precursor to increasing chloride binding 
capacities and the quantities of alumina in GGBS concretes are reported to be two times than 
that of 100PC concretes (Mangat and Molloy, 1994). It was noted that chloride binding 
capacity of concrete increased with the increase GGBS replacement levels, and was 
correlated with the chloride exposure concentration. (Thomas et al., 2012, Dhir et al. 1996) 
 
Luo et al. (2003) have investigated the chloride binding properties of mortar and paste 
blended with 70%GGBS. They found that with the GGBS inclusion, the chloride binding 
capacity of concrete, regardless of to internal or external chloride environment, increases. 
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Bijen (1996) reported that the ability of GGBS concretes to enhance chloride binding offset 
the effects of lowering in pore solution alkalinity which is due to absorption of both sodium 
and potassium ions in greater quantities into the enhanced C-S-H gel structure. The C-S-H 
gel is the only binder of alkali (Na+, K+) in hydrating OPC, and absorption capacity of cations 
is highly related to the Ca/Si ratio of gel (Hong and Glasser, 2002). With increasing of Ca/Si 
ratio, the absorption capacity (expressed as a distribution ratio, Rd) reduces (Hong and 
Glasser, 1999). Additionally, Hong and Glasser (1999) found the reduction of Na+ and K+ 
absropted by synthetic C-S-H gel lowered the pH value of pore solution, and more significant 
for the gel with low Ca/Si ratio.  However, taking chloride binding into account, it may be 
suggested the lower alkalinity will result in the quantity of chloride necessary to achieve a 
critical chloride threshold to initiate corrosion becoming less than that in 100PC concretes 
(Alonso and Sanchez, 2009).   
 
Figure 2.4 Influence of GGBS content on chloride ingress of concrete 
Bamforth (2004) has reviewed the benefits with GGBS addition at replacement levels 
between 40% and 65%, and concluded that no greater benefit was found in concrete with 
GGBS addition contents over the maximum level. The author also noted a lesser role of w/c 
ratio in GGBS blended concretes, with low values of chloride diffusion coefficient observed 
at the higher w/c ratio concretes. Other researchers have conducted similar research on the 
influence of addition content on improving the chloride resistance of concrete, results were 
summarised in Figure 2.4 (Dunne, 2010, Ahmed, 2008, Guneyisi and Gesoglu, 2008). It is 
evident that the optimum addition content of GGBS is between 40% and 60% for gaining a 
decrease in chloride ingress. 
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2.3.3 Influence of Ternary Cement Combinations on Chloride Ingress of Concrete 
The benefits of adding single cement such as FA or GGBS in concrete, as partial replacement 
for PC, have been fairly well established as listed in Section 2.3.2. However, individual 
cement has its inherent shortcomings, and cannot be used to solve all concrete problems. 
Therefore, it is thought that constituent cements will compensate for the shortfalls of 
individual, leading to further improvement of concrete properties. During 1990s, the use of 
cement made with PC and two supplementary additions, sometimes referred as ternary or 
composite cements, has increased greatly as it is deemed more advantageous than the 
corresponding binary concrete.  
 
Most of the previous research has been concerned with the improvement of mechanical 
properties of concrete by compensating for the shortfalls of another. Thomas (1999) reported 
that the combination of SF and FA in concrete can enhance the strength development at all 
ages, due to the significant contribution of SF at early age and FA at later age. Also the 
inclusion of FA improves the consistency of the concrete. It is noted that the addition of LS 
filler of PC/FA or PC/GGBS accelerates early hydration inducing a high early strength, 
which compensates the loss of early strength due to the latent reactivity of such materials 
(Ghrici et al., 2007, Menendez et al., 2003). On the other hand, the continuous hydration by 
pozzolans at later age gives rise to strength development over the negative influences of the 
dilution effect by LS fillers. In compensation for the loss of strength at early age, caused by 
the incorporation of FA or GGBS, the inclusion of MK as third addition was proved great 
benefits on strength development at both early and long-term curing age (Khatib and Hibbert, 
2005, Bai et al., 2003).  
 
The use of ternary cement combinations was reported to be beneficial for improving 
durability of concrete by Thomas et al. (1999). The combinations of small levels of SF and 
moderate levels of FA were found to be not only effective at control expansion due to ASR, 
but produced a high level of sulphate resistance. Ghrici et al. (2007) proposed that the 
PC/FA/LS concrete presented better performance on sorptivity and chloride permeability than 
that of PC/LS, and PC/FA in some cases. Moreover, Bai et al. (2003) investigated that the 
ternary blended cement concrete (PC/FA/MK) exhibited greater reduction on the chloride 
ingress depth and chloride concentration compared to the binary blended cement concrete.  
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2.3.3.1 PC/FA Based Ternary Blended Concretes 
The current literature suggested that combination of FA with a third addition, on the 
properties of concrete, can be beneficial compared to those previously observed with PC/FA 
cement combinations (Ahmed, 2008, Bouzoubaa, 2004, Bai et al., 2003, Basheer et al., 
2002). Basher et al.el. (2002) found that both SF and MK, as a minor addition of 5%, blended 
in 70PC/30FA combination concrete resulted in a 30% decrease of the effective chloride 
diffusion coefficient compared to that of the FA binary reference concrete at age of 28 days. 
Table 2.7 Influence of third added cement on chloride ingress of concrete in ternary blended fly ash 
cement combinations (Dunne, 2010) 
Composition (%) Chloride Permeability, Coulombs 
Non-steady State Diffusion 
Coefficient, 10-12m2/s 
PC FA LS SF MK w/c 28 days 180 days 28 days 180 days 
100 
    
0.35 4180 2935 24.6 15.7 
65 35 
   
0.35 3330 1485 18.7 10.1 
65 25 10 
  
0.35 2125 1225 8.0 6.0 
65 25 
 
10 
 
0.35 1105 100 3.0 0.6 
65 25     10 0.35 2075 1005 6.8 2.5 
100         0.50 5195 3655 33.9 23.8 
65 35 
   
0.50 4095 1980 26.0 16.8 
65 25 10 
  
0.50 2825 1865 10.2 5.0 
65 25 
 
10 
 
0.50 1820 535 5.4 1.9 
65 25     10 0.50 2420 1305 9.8 4.6 
100         0.65 6905 5200 49.9 37.9 
65 35 
   
0.65 5750 3325 38.7 27.3 
65 25 10 
  
0.65 3775 2800 15.5 9.3 
65 25 
 
10 
 
0.65 2985 1420 9.3 4.6 
65 25     10 0.65 3235 2150 13.3 7.7 
 
 
Dunne (2010) has looked at the effects of cementitious materials on minimising chloride 
ingress through concrete. His findings are outlined in Table 2.7 with the durability index 
expressed by the total passed coulombs (record total passed ions through concrete sample 
during test period, with details in Section 2.4.2.3) and non-steady state migration coefficient, 
from the rapid chloride permeability test and migration test, respectively. The work 
demonstrated that the inclusion of FA as binary combination reduced the durability index of 
concrete compared to 100PC concrete across all w/c ratios, and the improvement was more 
pronounced at later age. 10% replacement of FA by another additive, provided further 
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reductions of durability index (down 2-15 times depending on cement combination types). 
The lower the w/c ratio of concrete, the more the reduction was found to be. Furthermore, the 
PC/FA/SF combination performed best on chloride resistance, followed by the PC/FA/MK, 
whilst the PC/FA/LS blend was found the worst.  
 
However, conflicting information relating to chloride ingress resistance of PC/FA/LS cement 
combination concrete was found by Dhir et al. (1999). Measuring a 66.5PC30FA3.5LS 
concrete, an increase of 12%, 11% and 5% in their potential difference indices (cm2/s) were 
found compared to the reference 66.5PC33.5FA binary combination concretes across w/c 
ratios of 0.45, 0.52 and 0.65, respectively, although a 2.5%, 3% and 6.5% reduction in their 
chloride durability indices across three w/c ratios was reported in comparison to the 100PC 
concrete.  
 
Similar observations was found by other researchers, indicating that ternary PC/FA/SF and 
PC/FA/MK cement combination concretes have increased resistance to ingress of chloride 
ions compared to 100PC and binary blended PC/FA concrete (Elahi et al., 2010, Sabir et al., 
2001, Kumar, 2000).  However, the reported chloride resistance of ternary concrete at very 
low w/c ratio was limited from the current review. 
2.3.3.2 PC/GGBS Based Ternary Blended Concretes 
Numerous researchers have investigated the chloride ingress resistance of ternary blended 
PC/GGBS/SF concrete (Elahi et al., 2010, Hooton and Titherington, 2004, Basheer et al., 
2002, Bleszynski et al., 2002). The findings indicated that concrete designed with the 
addition of 10% SF improved resistance to chloride ingress compared to PC/GGBS reference 
concretes when investigating varying addition contents, w/c ratios and total cement contents.  
 
Ahmed et al. (2008) generally agreed with these reports, however, highlighted that the 
addition of SF into the GGBS binary cement combination concrete is not necessary in order 
to increase the resistance of concrete to chloride ingress when the GGBS replacement was of 
high level (70%). The reason being that was the fast pozzolanic reactions of SF consumed the 
availability of calcium hydroxide for further reaction with the GGBS particles. Their work 
indicated that the chloride ingress of 25% and 50% GGBS with the addition of 10% SF was 
much lower than that of the PC/GGBS binary blended concretes. However, an increase in the 
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chloride ingress was observed in their 70% GGBS ternary blend concrete, when compared to 
a 30PC70GGBS binary blended concrete.  These findings are presented in Table 2.8.   
Reporting on the effects of MK, Li and Ding (2003) noted that both MK and GGBS reacts 
with calcium hydroxide released by PC hydration to produce secondary C-S-H gel inside the 
cement paste. They reported that this secondary formed C-S-H gel improves the 
microstructure of cement paste matrix which is known to improve resistance to chloride 
ingress. They reported that the macroscopic property of cement improves under X-ray 
diffraction analysis indicating greater Ca(OH)2 consumption which is soluble to chlorides.   
Table 2.8 Chloride ingress of PC, PC/GGBS and PC/GGBS/SF concrete (Ahmed, 2008) 
Sample 
Composition (%) w/c              
Ratio 
365-day Compressive 
Strength, N/mm2 
Chloride Permeability†, 
Coulombs 
PC GGBS SF 
1 100 0 0 0.48 55.5 5600 
2 75 25 0 0.48 55.0 4200 
3 50 50 0 0.48 38.5 4800 
4 30 70 0 0.48 37.5 2800 
5 90 0 10 0.48 60.0 2110 
6 65 25 10 0.48 50.5 2500 
7 40 50 10 0.48 36.5 2350 
8 20 70 10 0.48 36.0 4150 
†
 Measurements undertaken after 350 days curing 
 
Dhir and Jones (1999), reporting on the performance of 50PC45GGBS5MK concretes, found 
that MK reduced the chloride diffusion indices values (it is useful for comparing the relative 
performance of concrete specimens tested under the same conditions, but should not be 
compared to the chloride diffusion coefficient from other tests) compared to those of 
PC/GGBS concretes. These trends were observed across w/c ratios of 0.45, 0.52 and 0.65. 
The best performance was observed for the 0.45 w/c ratio concretes where a 95% and 75% 
reduction in chloride diffusion values were recorded in comparison to the reference 100PC 
and 50PC50GGBS concrete, respectively. The findings of their research are shown in Figure 
2.5.  Basheer et al. (2002) when incorporating 5% MK as a MAC (total-cement content 
105%) in a 50PC50GGBS5MK (28-day strength 41 N/mm2) cement combination concrete 
found similar findings.  They recorded an estimated 65% and 21% increase in resistance to 
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chloride ingress in comparison to 100PC (28-day strength 45 N/mm2) and 50PC50GGBS 
(28-day strength 40 N/mm2) concretes at a w/c ratio of 0.52, respectively. 
 
The inclusion of LS in a ternary PC/GGBS/LS cement combination concrete, the only source 
of Dhir and Jones (1999), were 50PC45GGBS5LS concrete, was found to have 73%, 69% 
and 60% improvements across w/c ratios of 0.45, 0.52 and 0.65, respectively. However, with 
respect to the reference 50PC50GGBS binary concretes (across the three w/c ratios), they 
reported a 25%, 13% and 9% increase in their chloride indices respectively. Therefore, whilst 
this indicates reduced resistance to chloride ingress, further research is required to confirm 
these findings. In addition, to confirm these findings a larger range of cement combinations is 
required to be investigated. The addition of SF and MK in ternary blend with PC and GGBS 
requires further clarity to confirm the performance which may be expected from these 
concretes.  
 
Figure 2.5 Chloride ingress of PC, PC/GGBS and PC/GGBS/MK concrete (Dhir and Jones, 1999) 
2.4 Methods of Assessing Chloride Transport Properties of Concrete 
Ions diffusion is commonly regarded as the dominant transport mechanism for chlorides to 
move from the concrete surface towards the reinforcing steel in presence of a chloride 
concentration gradient. It is crucial to obtain the accurate experimental chloride ion 
diffusivity when assessing the potential durability of concrete (Thomas and Matthews, 2004). 
This has given rise to the development of a variety of different methods to quantify chloride 
ingress through concrete (Truc et al., 2000). Based on the time of test duration, those test 
methods are usually divided into two categories: (i) naturally accelerated long-term and (ii) 
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electrically accelerated short-term test methods. Figure 2.6 summarises the main properties 
measured. 
 
As illustrated in Figure 2.6, when detailing the chloride diffusion coefficient for either 
chloride test method forms, there are two opposing ways in which these measured chloride 
ingress properties can be directly expressed. These are non-steady-state coefficients 
calculated from non-steady state test methods and steady-state coefficient resulted from 
steady-state test methods. For clarity, their details are defined here as: 
(i) Non-steady state diffusion is that which take into account binding of chlorides 
with hydrates and ionic transport;  
(ii) Steady-state diffusion only takes into account ionic transport. 
 
 
Figure 2.6 Chloride test method forms (Dunne, 2010) 
2.4.1 Natural Accelerated Long-Term Chloride Tests Methods 
Naturally accelerated long-term test methods are identified by generating a gradient of 
chloride ions concentration upon a specimen in order to promote chloride ingress through the 
pore solution of concrete. This type of chloride test method mainly comprises of chloride 
immersion (or ponding) and diffusion cell test methods, which may achieve the non-steady 
state and steady state diffusion coefficient depending on different test theoretical bases. In 
ŦEmpirical or semi-empirical where data are produced by experiment or observation, subject to necessary decision or 
forms a starting point for deducing and inferring other theory dependant test data.
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these types of experiment methods, the movement of chloride ions in concrete is encouraged 
through diffusion process where chlorides concentration gradients is the main driving force 
(Castellote et al., 2001). 
2.4.1.1 Steady-State Diffusion Two Cell Test Method 
The method usually involves setting up a thin concrete sample between two cell 
compartments; one chamber filled with highly concentrated salt solution and the other 
containing chloride free neutral solution. The gradient between the upstream and downstream 
chloride concentrations is the driving force for chloride transporting through concrete sample. 
The calculation of chloride diffusion coefficient is based on the Fick’s first law, which 
describes process of the steady-state diffusion. Theoretically, the concentration gradient 
between two cells is required to remain constant throughout the test, which is hard to 
accomplish in reality. The application of relatively large compartments, where changes in 
chloride concentrations are negligible compared to their large volume, has been used in this 
condition. As chlorides start propagating towards the downstream compartment, it takes 
considerable time for the diffusion to reach a steady-state stage, which is, characterised by a 
linear increase in chloride concentration of the downstream solution with time. At this point, 
the entire test sample has been involved in the diffusion process, and the chloride binding 
capacity of the sample is said to be satisfied (Page et al., 1981). This provides a measure 
which does not take into account the influence of chloride binding on the diffusion process.  
Two of the main shortcomings of such method are those: (i) it takes long test duration for 
chlorides to break through concrete, especially in high durability samples; and (ii) it is 
impractical to use in-situ.  Furthermore, the binding capacity of cement combinations has the 
greatest effect on chloride ingress in concrete, thus, the significance of the measured result, 
ignoring the chloride binding effect, is questionable. 
2.4.1.2 Non-Steady State Immersion or Ponding Test Method 
Non-steady state immersion or ponding test method of measurement involve a measure of the 
apparent chloride diffusion coefficient (Dapp) of concrete, mortars and cement pastes. Unlike 
the steady state diffusion, the test theoretical basis concerns both the ionic transport of ions 
and the binding of chlorides with cement product phases. Standard methods have been 
published with the ASTM (ASTM C1556-04, 2004): determining the apparent diffusion 
coefficient by bulk diffusion), the AASHTO (AASHTO T-259-02, 2002):AASHTO T 259-
02: 90-day salt ponding test in the USA and the Nordic standardisation codes (NordTest, 
1995): 35-day or 90-day immersion test in Norway. Most recently the CEN Technical 
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Committee CEN/TC 104 has published a Technical Specification for European member 
states for an immersion type test method (BSI, 2010).  
 
The underlying principle of the method involves one-dimension chloride ingress by sealing 
all surfaces except one of a saturated sample, and, immersing (ponding) the sample in known 
chloride solution for a standard test duration. The chloride content (free or total) profile of 
samples (as a function of depth), is then obtained by collecting powder samples at different 
depths of the sample. The apparent chloride diffusion coefficient and surface chloride 
concentration are determined by fitting analysis of the profile curve based on the error 
function solution of the Fick’s second law. It is stated that the NT BUILD 443 (NordTest, 
1995) test presented satisfactory precision, expressing its repeatability COV in a range of 
8~14%, and its reproducibility COV in range of 16~23% (Tang and SØrensen, 2001). Taking 
into account of the fact that the test conditions in the approach are closer to reality than 
electrically accelerated approaches, it is recommended as a reference test approach for 
measurements of chloride penetration into concrete.  
 
However, the immersion or ponding test has several limitations for optimised concrete 
including: (i) 90-day standard test duration is not adequate for measuring the chloride 
permeability of high performance concrete; (ii) conflict exists between one-dimensional 
chloride ingress profile caused by the multi-mechanisms and the profile curve used to 
determine the chloride diffusion coefficient (Tang et al., 2011).  
2.4.2 Electrically Accelerated Short-Term Chloride Test Methods  
Electrically accelerated short-term test methods are utilising an external electrical field upon 
concrete samples in order to accelerate chloride ingress through concrete by a process of 
chloride migration, such electrochemical test methods showed great benefits in the rapid 
determination of chloride ingress into concrete. Charged ions by an external electrical field 
will result in a flow of current and migration and, as such, their transport drive force is 
mainly generated by this applied electrical field (Bamforth et al., 1997, Tang, 1996). In 
addition, the concentration of chlorides in source solution is one of parameters which 
influence the rate of transfer through the sample. (Tang and Nillson, 1993a, Dhir et al., 1990) 
 
Chlorides migration and diffusion rely on different mechanisms when chemical and electrical 
driving forces co-exist. Here, the flux of chlorides has been calculated by modified versions 
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of the Nernst-Planks equation of mass transport (Castellote et al., 2001, Alexander and 
Magee, 1999). In addition, researchers have also applied modified versions of the Nernst-
Einstein equation of mass transport, where the calculated coefficient is related to partial 
conductance of the charged chloride ions (Castellote et al., 2001, Leng et al., 2000). Dhir et 
al., (1990) related the steady-state chloride flux empirically to the chloride diffusion of 
concrete by applying a modified version of Fick’s first law of diffusion in determining a 
calculated diffusion index. Tang and Nilsson (1993) were the first to apply a theoretical 
relationship between chloride diffusion and migration in their calculation of chloride 
migration coefficients from an electrically accelerated chloride test method. 
2.4.2.1 Steady-State Migration Test Methods 
The application of electrical field is used to overcome the disadvantage of time-consuming 
for natural steady-state test method, therefore shortening test duration from several months to 
a few days, by electrical acceleration of ions movement. A number of researchers have 
adopted different techniques and methods of calculation in order to determine the steady-state 
migration coefficient (Dssm)of concretes, pastes and mortars (Basheer et al., 2005, Yang and 
Cho, 2004, Castellote et al., 2001, Castellote et al., 2000).  The approaches of Andrade 
(1993) and Yang and Cho (2004) are similar in test setup to that of the ASTM C1202, whilst 
the procedure of Dhir et al., (1990) is laborious due to sampling and analysis of the anodic 
solution being required periodically. Comparatively, the approach of Andrade (1993) is more 
favourable, since its time efficiencies and easy measurement of obtaining conductivity values 
of the anolyte solutions instead, in determining Dssm.  
 
However, it is worth noting that any calculation of steady-state chloride diffusion coefficient 
from resistivity values (modified Nernst-Einstein equation) or from the modified Nernst-
Planck equation, lack taking into account chloride binding effect, and cannot therefore be 
used directly to predict the service life or duration of initiation period. Also, non-steady state 
obtained from experiments that explicitly do take into account chloride binding effect, are 
used for predicting purposes only, providing that other factors (as concrete ageing factor or 
exposure chloride environment), are taken into account.  
2.4.2.2 Non-Steady State Migration Methods 
Non-steady-state migration techniques, which have the benefits of saving test time and easy 
operation, have been used widely in calculating non-steady-state chloride migration 
coefficients. The first rapid migration test method was proposed by Tang and Nillson (1993) 
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where, the sample has external voltage applied for a predetermined test period, then axially 
split and a silver nitrate solution is sprayed onto one of two freshly split test samples. The 
average chloride penetration depth and applied voltage are input to calculate their non-steady-
state chloride migration coefficient. Further modifications of this test method led in it being 
specified as a Nordic standard method for testing chloride ingress of concrete (NT Build 492, 
1999).  
 
Variations in this method of measurement are presented in the literature where researchers 
(Lay et al., 2004, Stanish et al., 2004a, McGrath and Hooton, 1996) also established similar 
approaches of measurement. Described in the research (Andrade et al., 1994), the 
establishment of chloride diffusion coefficient was separated by calculating the chloride 
migration coefficient which based in fitting chloride profiles to an analogue diffusion 
equation, and transferring from the relationship between migration coefficient and diffusion 
coefficient. Instead of splitting the sample for measurement of chloride penetration depth, 
McGrath and Hooton (1996) monitored the chloride concentration in the down-stream cell 
where a measurable chloride concentration (c/c0 = 0.003) implied a break-through of 
chloride. Using the same equation as in the research (Tang and Nillson, 1993a), the chloride 
migration coefficient is calculated. Lay et al. (2004) applied a sodium iodide solution instead 
of sodium chloride to measure the chloride penetration, in order to overcome the 
impossibility of measure on chloride-contained concrete and ignore the carbonation 
interference (carbonation may interfere with the chloride penetration depth reading). 
Meanwhile, Stanish et al. (2004a, b) has reported that chlorides ingress in porous media 
under electrical gradient was completely different from that in solution, and addressed that 
the modified Nernst-Planck model (consideration of chloride diffusion and migration 
mechanism) can well simulate the chlorides ingress in concrete and is compatible to the 
experimental results.  
 
Overall, NT Build 492 (1999) standard method is recognised as the most suitable approach. 
This conclusion is concerned where they: (i) take account, in their test procedure, of the 
concrete type; (ii) measure the chloride penetration depth after testing and apply this in their 
coefficient measurement; and (iii) their calculation is based on a theoretical relationship 
between chloride diffusion and migration. In addition, there is some criticism about the 
colour front depending on the concrete quality (Andrade et al., 1999) and the binding reaction 
is not always established in a migration test (Castellote et al., 1999).  
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2.4.2.3  Electrical Indication of Concrete’s Ability to Resist the Chlorides Penetration 
The most recognisable test in the area of concrete resistivity and conductivity research is the 
rapid chloride permeability (RCPT) test method (ASTM C1202, 1997(a), ASTM C1202, 
1997(b)), which was proposed by Whiting (Whiting, 1981) and was validated with the 
AASHTO T-259 (90-day chloride ponding) test method. The rapid chloride permeability test 
is named inaccurately because the measured value is not representative of the permeability of 
concrete but of recording ions movement through concrete. This method has been the subject 
of much research debate since its inception.  Reasons for these concerns include: (i) its 
reliance on an over-simplistic method; (ii) lack of theoretical basis; (iii) the measured 
coulombs passed during the test is related to all the ions in the pore solution not just chloride 
ions; and (iv) the applied high (60V) voltage may increase the sample temperature which will 
interfere with concrete microstructure. Indeed, as a result of these uncertainties, it is (Mejia, 
2003) suggested that this test method can only provide an indication of concrete permeability. 
 
These concerns have given rise to a number of adaptations to this method being proposed.  In 
general, techniques of the various methods are similar where a two-compartment cell is used.  
However, the main alterations occur where their sample configurations, applied external 
voltages, test period and experimental parameters vary.  Although there have been critics of 
the ASTM C1202 test method, it has been adopted as a standard test method. Subsequently, 
noting that the method has been standardised in the USA and has been applied regularly for 
chloride durability specification in its member countries, it is felt that the ASTM C1202 test 
method should be considered in any chloride test method assessment programme.  
2.5 Electrochemical Remediation (ECR) 
The electrochemical remediation approaches include cathodic protection or prevention, 
electrochemical chloride extraction and realkalisation, and have been extensively and 
successfully applied for the protection of steel in water and soils since 1842. The earliest 
introduction of ECR on above ground reinforced concrete was developed in the late 1950s, 
for the prevention and/or arresting of corrosion of steel in concrete caused by chloride ions or 
by a combination of chloride ions and carbonation.  
 
All types of ECR technique applied to the reinforced concrete structure are similar in nature. 
They all polarize the steel in a negative (cathodic) direction ensuring that the steel behaves 
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primarily, or totally, as a cathode and therefore does not corrode, or corrodes at an acceptably 
low rate. What differs in those techniques is the nature and properties of the anode which can 
either be sacrificial or driven by an external power source. The techniques are distinguished 
by the level of polarization, and whether it is permanent or temporary, plus uses or does not 
use an external electrical field. The techniques are usually classified into three types: (i) 
electrochemical chloride extraction (also called chloride removal or desalination), (ii) 
cathodic protection and cathodic prevention and (iii) realkalisation. The major differences of 
each technique are summarised in Table 2.9. 
Table 2.9 Characteristics of electrochemical techniques 
Type Current Density (per m2 of steel) Structure Conditions 
Protection 
Objective 
Typical 
Period  
Electrochemical 
Chloride Extraction 1-2 A 
Corroded or Non-
Corroded 
Repassivating 
environment 
Chloride removal 
2-6 weeks 
Cathodic Protection 5-20 mA Corroded  Protection Potential Permanent 
Cathodic Prevention 0.4-2 mA New Structure under Potential Corrosion Protection Potential Permanent 
Realkalisation 0.5-1.0 A Carbonated  Increased alkalinity 3-10 days 
 
Electrochemical chloride extraction (ECE) is considered as a non-destructive technique. ECE 
technique needs very high current density, typically 1-2 A/m2 and is applied temporarily for a 
short period of 2-6 weeks on concrete structure under conditions of corrosion has not or has 
already initiated. The high current density and short period process is intended to modify the 
composition of concrete by virtue of the cathodic reactions, the extraction of ions in a DC 
field and absorption of ions from external electrolyte in contact with exposed surfaces of the 
concrete, in order to restore its original protective characteristics 
 
Unlike the one-off technique, cathodic protection and cathodic prevention are some kind of 
permanent techniques, which needs more permanent anode systems are either surface applied 
to the concrete or embedded within the concrete. Cathodic protection is normally carried out 
on concrete of the on-going corrosion of the embedded steel and which, needs to be 
controlled or stopped. On the other hand, the aim of cathodic prevention is to ensure that the 
steel is polarised to a certain level where corrosion cannot be initiated.  
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Cathodic Protection is a process of applying external potential to chloride contaminated and 
carbonated concrete. The main aim is to decrease the corrosion rate through polarising the 
steel potential value more negative than the free corrosion value.  In case of the potential 
more negative than the repassivation potential, corrosion can be stopped (Bertolini, 2013). It 
requires certain potential (controlled 5-20 mA/m2 current density) applied to the steel to 
overcome the pitting corrosion. This corresponding potential is applied virtually 
continuously, to provide, typically a system life of 20-25 years. It mainly refers two 
categories: Impressed Current Systems and Galvanic Systems. In addition, cathodic 
prevention is a form of cathodic protection mainly applied to new structures, and particularly 
to structures where it is known that they will in future become chloride induced and 
carbonated. As pitting has not yet commenced, the potential required is to provide current 
density of usually 1-2 mA/m2 of steel surface area. This is also applied continuously, 
typically for a system life of 10-40 years. The cathodic prevention system functions by 
preventing the onset of corrosion by means of maintaining a high pH at the steel-concrete 
interface (or increasing the critical chloride content) and by preventing the chlorides from 
reaching this interface. 
 
Additionally, the electrochemical realkalisation technique is used on concrete suffering from 
carbonation, and is aimed at increasing hydroxyl ions concentration around the steel 
reinforcement. The technique commonly consists of a metal mesh, either positioned in a tank 
or bath attached to the surface of concrete or within cellulose sprayed onto the concrete. An 
alkali carbonate such as sodium carbonate or potassium carbonate is normally selected as 
electrolyte, which penetrates into concrete mainly in the process of absorption and diffusion 
during realkalisation. It raises the alkalinity of the cover concrete to over pH-11. Meanwhile, 
realkalisation increases the alkalinity of concrete surrounding the steel reinforcement.  The 
question of how long the raised alkalinity can be maintained around steel has not been 
adequately investigated. In practise, an anti-carbonation coating is often applied to the surface 
of realkalisated concrete in order to provide extra protection.  
2.6 Electrochemical Chloride Extraction (ECE) 
2.6.1 Introduction 
The possibility of removing chlorides from concrete, by an electrochemical means was first 
discovered in the USA in the 1970s (Mietz, 1998), utilising a very high DC voltage, up to 
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220V, and a liquid electrolyte. In Europe, the patent of chloride removal method was 
registered by the Norwegian company Noteby (Vennesland and Opsahk, 1986), using a 
water-retaining substance, such as paper fibre pulp or retarded shotcrete, wetted with calcium 
hydroxide or tap water and moderate voltage, normally less than 40V. Since the beginning of 
the 1990s, plenty of data related to chloride extraction was published from both laboratory 
and practical cases. There is no standard for electrochemical chloride extraction, owing to the 
lack of effective acceptance criteria and unanswered questions regarding possible side effects 
and longevity, however, a Technical Specification was published in 2011(European 
Technical Specification, 2011). A state-of-the-art report was published by the European 
Federation of Corrosion (Mietz, 1998) and technical information was provided from 
European Commission supported COST Materials Actions, 509 and 521 (Cigna et al., 2003, 
Cox et al., 1997).  
 
It relies on a DC power source, where the applied potential differences drive chloride ions 
from the electrolyte (concrete pore solution) into a reservoir (usually saturated calcium 
hydroxide or tap water)(as seen in Figure 2.7), lowering the risk of further chloride induced 
corrosion. The technique requires a drive voltage normally between 10V and 40V depending 
on the resistivity of the concrete electrolyte. It is run over a relatively short time (of up to 
three months).  
 
Figure 2.7 Schematic of the process of ECE on chloride contaminated concrete 
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2.6.2 Principle  
The ECE process involves making an anodic reaction in surface electrode and creating 
cathodic reaction on the steel reinforcement. Under an external electric field, negatively 
charged ions move towards the anode while positively charged ions were driven towards the 
cathode, where it was shown in Figure 2.7. Chloride ions, with a negative charge, migrate 
towards the anode system, where it is oxidised to chloride gas or removed together with the 
electrolyte solution. The electrochemical reactions which occur at the external anode are 
represented by Equation 2-1 to 2-3 whilst reactions at the cathode are represented by 
Equation 2-4 and Equation 2-5 (Mietz, 1998). 
2OH
-
= 1/2O2 + H2O + 2e
-
                                                             Equation 2-1 
2H2O = O2 + 4H++ 4e
-
                                                                 Equation 2-2 
2Cl
-
= Cl2 + 2e
-
                                                                        Equation 2-3 
1/2O2 + H2O + 2e
-
 = 2OH
-
                                                                                                  Equation 2-4 
2H2O + 2e
-
= H2 + 2OH
-
                                                               Equation 2-5 
2.6.3 Effectiveness and Disadvantages of Electrochemical Chloride Extraction 
As the method named, the primary target of using this method is to extract the internal 
chlorides through concrete under the applied external electrical field. Subsequently, the 
effectiveness and efficiency of the technique are the most significant consideration, and have 
been widely investigated. The applied external power field, however, may cause negative 
influence on the concrete matrix and embedded reinforced steel (Polder et al., 2009, Wang et 
al., 2007, Batic et al., 2001).  
2.6.3.1 Effectiveness of ECE 
The effectiveness of ECE treatment has been found to be related to w/c ratio, cement 
combination type and cover depth of concrete. The applications of ECE approach in the last 
twenty years were mainly concentrated on the pure PC concrete at w/c ratio from 0.4 to 0.75 
(Miranda et al., 2007, Miranda et al., 2006, Orellan et al., 2004), where the ECE approach 
was confirmed to be very effective. Nevertheless, it was observed to be more effective on 
removal of chloride ions from the pure PC concrete compared to those concrete blended with 
30%FA and 40%GGBS (Ismail and Muhammad, 2011),  due to the denser matrix with the 
blended cements. Fajardo et al. (2006) had applied the extraction treatment on specimens 
with cover depth of 20 and 50 mm, and reported the reduction in chloride content at the steel-
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concrete interface was more pronounced with less cover depth, with efficiency of 75% 
decrease with comparison to that of  30% in 50 mm cover depth.  
 
However, the efficiency of ECE treatment on reinforcement concrete structure is mainly 
dependent on the numbers of test cycles, duration, type of electrolyte solution and initial 
chloride content. It was found that the selection of an appropriate ECE treatment should be 
considering both saving energy and safety (Yeih et al., 2006). Numerous laboratory results 
showed that test duration for several days and multi-cycles of treatment are necessary for 
optimum efficiency (Fajardo et al., 2006, Swamy and McHugh, 2006, Orellan et al., 2004, 
Cobo et al., 2001). Swamy and McHugh (2006) found a large amount of chlorides was 
extracted from concrete in the first 15-20 days of the treatment, with peak value at day 3, 
after then chloride extraction remained more or less steady. Orellan Herrera et al. (2006) also 
reported the constant chloride content remained in the specimen after 30 days of treatment, 
probably due to OH- ion formation on the steel (cathode, Equation 2-5), which decrease the 
ECE efficiency by contribute to the current transport instead of chloride ions. It is recognised 
that chemical equilibrium between bound and free chlorides exists in concrete, and only free 
chlorides in solution can be extracted under ECE treatment. According to research (Elsener 
and Angst, 2007), the rate of release of bound chloride is slower than the rate of chloride 
removed making the ECE treatment inefficient. Therefore the “current off” period is helpful 
to re-establish the equilibrium between bound and free chlorides making the process efficient 
again. However, Orellan and Herrera (2006) found slight influence on treatment efficiency of 
ECE by the different amount of C3A (4.3% and 9.05%) in the cement. He concluded that the 
“physically” bound chloride can dissolve into solution during treatment. The chlorides were 
added either at time of mixing concrete or penetrated from external environment after a long 
time, which displayed no influence on the efficiency of ECE treatment, and the initial 
chloride content also was found to have insignificant impact. In addition, the removal of 
chlorides from the mid-section of all beams was found less efficiency than those away from 
rebar, probably because the mixed chlorides between steels cannot be effectively extracted 
during process in the study (Swamy and McHugh, 2006).  
2.6.3.2 The Real Principle Success of ECE Treatment 
Despite the enormous reports of extracting large amount of chlorides from reinforced 
concrete structure, controversy continues to surround the final target: Does such technique 
extend the service life of reinforcement concrete structure and how long it can bring? 
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Regarding of extension of service life, three aspects influenced by the used ECE treatment, 
including the steel-concrete interface, embedded steel and concrete matrix, can give further 
insights into the study of corrosion initiation and propagation. 
 
Effect on the Steel-Concrete Interface 
It is acknowledged that the pH buffering capacity of concrete plays an important role on 
inhibiting chloride induced corrosion, resulting in high pH level at the steel-concrete 
interface. This is considered to be largely due to the presence of precipitated calcium 
hydroxide. The formation of a calcium hydroxide rich layer in voids at the interface by the 
application of ECE process, was considered as the decisive factor to the success of such a 
treatment, even if the removal percentage of total chloride content was only 50% (Glass and 
Buenfeld, 2000b). A similar thin layer of fine granular mortar paste was observed 
surrounding the steel from the XRD analysis on mortar specimens subjected to cathodic 
protection (Batic et al., 2001). Orellan et al. (2004) reported on the formation of a white 
deposit with presence of Ca, K, Na and Al was found on the steel surface after chloride 
removal treatment, which was different from the untreated steel surrounded with calcium 
silicate hydrate and calcium hydroxide crystals.  
 
Effect on the Steel Condition 
The controversy of the possibility of ECE to repassivate corroding reinforcement continues to 
be questioned. In laboratory tests, Miranda et al. (2006) investigated the effect of ECE on the 
repassivation of corroding steel embedded in mortar specimens with different pre-corrosion 
degree, and found this approach was effective for repassivating steel with incipient corrosion 
degree by monitoring the great increase of Ecorr value to -50mV (low risk of corrosion) 
compared to that of -500mV (high risk of corrosion) before ECE. The higher the steel 
precorrosion degree, the lower the possibility of achieving its repassivation was found to be. 
Otero et al. (2001) carried out similar research on concrete at w/c ratio of 0.5, however, 
indicated the ineffectiveness of ECE method on repassivating the heavily corroded 
reinforcing steel. All research recommends the ECE as an effective measure to prevent 
corrosion when it is used before the steel transition from the passive state to the active one 
occurs. Findings were commonly from concrete specimens immediately after the ECE 
treatment (reduction in oxygen)(Marcotte et al., 1999), which was difficult to make a 
statement due to lack of long-term investigations (Elsener, 2008). This was verified by Wang 
et al. (2007). They found when ECE treatment is removed, the half-cell potential becomes 
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more negative and corrosion current becomes greater in comparison with those before ECE 
treatment. The half-cell potential shifts positively and corrosion current decreases with time, 
however, lack of long-term measurements in the laboratory makes it difficult to state this. 
 
Long-term ECE measurements in a field study was carried out on 27-year old and corroded 
piers in Charlottesville, and surveyed for next 4 years by Clemena (2000). The results 
indicated that the reinforcing steels in the piers remained passive and that the beneficial effect 
of the treatment lasted the 4 years. He also noted that the duration of protection can be 
extended further by sealing the treated bridge components with silane or siloxane, which 
slowed considerably the ingress of oxygen, moisture and chloride. Elsener (2008) also 
reported, after 15 years survey of an abutment treated with ECE approach and coated with 
polymer-modified cementitous coating (Centrifix), that application of ECE treatment not only 
greatly reduced the chloride content, but could fully repassivate the corroded reinforcement. 
However, it is noted that the hall-cell potential measurements (changed by hundreds of mV 
depending on the saturation degree of the pores) can be a valuable indicator but are 
insufficient on their own to determine the active or passive state of the structure (Orellan 
Herrera et al., 2006). In reality, the reinforcement is usually not inspected visually and the 
degree of corrosion essentially is unknown. 
 
Effect of Concrete Matrix 
Up to now, the studies of the behaviour of chloride transport through concrete after ECE 
treatment and the service life extension are scarce. The previous reviews involved the 
concrete matrix before and after ECE treatment, and concentrated on the change of pore 
structures.  
 
SEM technology was used to examine the influence on pore structure of concrete before and 
after ECE (Siegwart et al., 2003). Compared to untreated samples with pore number and size 
(1479 and 0.7 um, respectively), a significant increase in pore numbers (3528) and reduction 
in pore size (0.39 µm) were observed in treated samples at depth of 29 mm. The number of 
pores of extracted concrete decreased from concrete surface to steel, while the average pore 
size increased. The study established that the change in pore size influenced the migration 
properties of ions below a certain diameter, and thus influenced the resistance of the system.  
Ismail and Muhammad (2011) found the total porosity increased by 12% in OPC concrete, 
while decreased in 70PC30FA and 60PC40GGBS concrete by 5% and 19%, respectively. 
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Castellote et al. (2000) carried out detailed research on the changes in concrete pore size 
distribution due to ECE treatment, and indicated that the application of an electrical field 
induced an increase in the total porosity both near the anode and the cathode, as well as 
changes in the pore size distribution. The main finding was that the increase in the range of 
smallest capillary pores (d<0.05 µm), was attributed to the dissolution and removal of 
portlandite and ettringite.  Marcotte et al. (1999) also detected less C-S-H in the mortar 
matrix after ECE, possibly due to it decomposing into cationic (calcium-rich) and anionic 
(silicate-rich) species under the impressed current.  
2.6.3.3 Disadvantages of ECE 
Nevertheless, ECE wasn’t widely used in the past based on large range review, while much 
people took up the impressed cathodic protection instead. The main reason is the use of high 
current densities on the structure during ECE, which causes several potentially detrimental 
side effects, i.e. (i) the alkali-silica reaction (it is a reaction in concrete between the highly 
alkaline cement paste and aggregate of reactive non-crystalline silica) (ASR) (Wang et al., 
2007, Orellan et al., 2004), (ii) reaction reduction of bond between steel and concrete, and 
(iii) hydrogen evolution and embrittlement of prestress steel  and (iv) carbonation.  
 
As indicated in Equation 2.5, hydroxyl ions [OH-] are produced during the process of ECE 
and hence increase the alkalinity of pore solution surrounding the reinforcing steel. 
Meanwhile, the migration of anions (K+ and Na+) towards to the steel may increase the risk of 
ASR considerably and threaten the service of structure (Swamy and McHugh, 2006). In 
practise, this may happen only for current density well over 20 mA/m2 of steel surface (Sergi 
et al., 1991). Therefore, considerable caution should be taken when the high alkali-sensitive 
aggregates are used. 
 
A loss of the bond strength between concrete and steel may happen when the steel is at very 
negative potentials (Batic et al., 2001). Although this phenomenon had many uncertainties, it 
cannot be excluded that this occurs in the long-run if the potential falls below -1100 mV SCE 
(Bertolini, 2013). Indeed, the application of high current density for relatively short duration 
always induced strong negative polarisation on steel during ECE and realkalisation. Besides, 
the very negative potentials also may cause the hydrogen evolution on the surface of the high 
strength prestressing steel, (not ordinary reinforcing steel), subjected to hydrogen 
embrittlement (Polder et al., 2009, Page, 1992). Moreover, the removal of hydroxyls from 
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cover concrete results in reduction of pH value, and dissolution of solid phase (such as 
ettringite and portlandite) increases the porosity of concrete during ECE treatment (Castellote 
and Andrade, 1999, Polder, 1996). The potential influences of those may further decrease the 
durability of desalinated concrete, i.e. carbonation (although it has not been researched).  
 
One of the most uncertainties is whether the corroded steel can be repassivate or not after 
ECE, which has been reported with opposite views from different researchers (Miranda et al., 
2006, Cobo et al., 2001). If ECE is ineffective on repassivating the corroded steel, it cannot 
stop the incipient corrosion of steel although large amount of chloride are moved from 
concrete. Therefore, the application of ECE is challenge for the reinforcement concrete 
structure under chloride corroded condition.   
2.7 Application of Coating Protection on Desalinated Concrete  
2.7.1 Mechanisms of Coating Materials 
The aim of applying coating protection on concrete is to generate a strong barrier for the 
penetration of aggressive substances from exposed environment, in order to extend the 
service life of repaired reinforced concrete structure (Basheer and Cleland, 2011, Raupach 
and Wolff, 2003). The protective surface treatment wins favour in that it is applicable in both 
new structures and existing structures, and does not interrupt construction work. The 
performance of used coating materials is classified into three different groups based on their 
penetration mechanisms according to the instruction of standard (BS EN 1504-2, 2004), (i) 
coating, (ii) impregnation and (iii) hydrophobic impregnation, as illustrated in Figure 2.8.  
 
(i) Coating: Coating agents line a continuous protective layer over concrete surface rather 
than penetrating into the sample (as illustrated in Figure 2.8 (i)). Thickness of such lining 
layer varies from 0.1 mm to 5.0 mm and can be visually detected if applied. Possible active 
compounds are composites of epoxy resins, polyurethanes, alkyds organic polymers with 
cement as filler or hydraulic cement modified with polymer dispersion.  
 
(ii) Impregnation: Unlike the hydrophobic impregnation material, the impregnated agents 
not only penetrate into hardened concrete, but fill the pores of concrete to generating a thin 
protected film on the surface (as shown in Figure 2.8 (ii)). Possible active compounds consist 
of organic polymers, silicates, silico-fluorides and epoxy-resins.  
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Figure 2.8 Schematic of different classifications of concrete surface treatment (Diamond, 2013) 
 
(iii) Hydrophobic impregnation:  Agents are able to penetrate into concrete matrix by 
several millimetres and form hydrophobic product by reaction with concrete substrates. The 
movement of liquid towards concrete is inhibited or prevented by the hydrophobic product 
due to its water repelling property. However, the open pores are not entirely blocked this lets 
concrete sample breathe freely, which means gaseous substance can pass through the product. 
Possible active compounds are silanes, siloxanes and silicones (Figure 2.8 (iii)).  
 
Recently, the hydrophobic impregnation has seen an increasing acceptance for building and 
highway bridges in the UK (Highway Agency, 2003). Two types of surface treatments are 
frequently used in the construction activity; a silane-based water repellent agent and the other 
is a sodium silicate-based pore blocker.  
2.7.2 Effectiveness of Silane-based Agents on Concrete 
Investigations have been developed on the durability of concrete impregnated with the silane-
based agent since 1980s, and has verified the efficiency on inhibiting chloride ingress, 
postponing the corrosion initiation and reducing the corrosion rate of steel reinforcement 
(Basheer and Cleland, 2011, Dai et al., 2010, Ibrahim et al., 1999, Basheer et al., 1998). 
Long-term field studies (Nanukuttan et al., 2008, Raupach and Wolff, 2003) have also stated 
the positive results about increasing the durability of concrete. Schueremans et al. (2007) had 
carried out a 12-year investigation into the surface treatment of Zeebrugge Harbor (located on 
the Belgian North Sea Coast) and reported a significant reduction in the chloride diffusion 
coefficient of treated concrete compared to that of untreated concrete. The mean calculated 
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chloride diffusion coefficient, derived from the regression of chloride profile curve from 
cored samples, valued of 9.64×10-12m2/s for untreated concrete and 1.18×10-12m2/s for the 
treated concrete after 5 years in site exposure (Schueremans et al., 2007). However, there 
were some studies presenting the minor effect of hydrophobic impregnation on the diffusion 
mechanisms of chloride ions in concrete (Medeiros and Helene, 2009). Their findings have 
been well acknowledged its validity in decreasing the internal humidity and significantly 
suppressing the capillary water absorption. Overall, the above properties, most definitely can 
be considered to benefit the durability of marine reinforcement concrete structures, since the 
present of water and chloride is a decisive factor influencing the corrosion of embedded steel 
reinforcement.  
 
Published data of the application of surface treatment on the desalinated concrete is limited, 
and therefore not much is recognised about its influence of the chloride ingress resistance. 
The combination of ECE technique and surface coating treatment demonstrated effects on 
preventing chloride penetration into concrete (Clemena, 2000). 
2.8 Service Life Prediction Model 
Service life of concrete is generally defined as the period from the time of the construction to 
the time of the chloride content at the depth of the reinforced steel exceeds the critical 
chloride content, which is also taken as the design service life in current standards (Marchand 
and Samson, 2009). Originating from the chloride diffusion and corrosion process, an 
estimation of the service life of concrete structure was developed. A recent review of existing 
service life prediction models (Nilsson, 2009) revealed that, they generally attempt to predict 
either: (i) the chloride profile (C(x,t)) over depth; or (ii) the chloride content at the depth of 
steel after a given exposure time (t). They are then compared to a critical chloride threshold 
level, to determine the predicted service life of the studied object.  
 
The concept of service life was introduced much earlier in the modelling simulation than 
when introduced into the standards. Combined to the widespread occurrence and the high 
cost of repair, the increasing demand to foresee the service life in standards also accelerates 
the development of the service life prediction models.  
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2.8.1 Introduction in the Standards 
The concept of service life has been incorporated into the present concrete standards 
including BS 8500 (BSI, 2006) and BS EN 206-1 (BSI, 2000). For instance, it was defined in 
BS EN 206-1 (BSI, 2000) as “ the period of time during which the performance of the 
concrete in the structure will be kept at level compatible with the fulfilment of the 
performance requirements of the structure, provided it is properly maintained”. It is classified 
as prescriptive concepts, also termed deemed-to-satisfy concepts. In terms of the approach, 
durability requirements in most existing codes and standards are based on establishing 
parameters which includes maximum or minimum w/c ratio, cement and combination types, 
concrete cover depth and concrete strength class. 
 
Moreover, the more advanced and precise concept of concrete durability is increasingly 
demanded to be introduced into the current standards, due the need to better predict and 
prevent the corrosion of the reinforcement. Performance concepts, based on quantitative 
predictions for durability from exposure environment and experimental material parameters, 
are proposed (Andrade et al., 2013). Unlike the prescriptive approach, the performance 
approach starts from the performance of concrete, which is directly related to the durability, 
to generate the suitable constituent materials. The minimum life time of concrete is assured 
through performance based tests, but the durability indicators are still not quantification of 
the time to reach a limit state.  
 
The most powerful method of designing for concrete durability is regarded as the full 
probabilistic approach, which can calculate the explicit time of aggressive ingress through 
models with probabilistic treatment, although interpretation of the outputs of this method is 
still very much in debate (FIB, 2006). The design engineer can select the required reliability 
against failure and assess the potential durability of the structure using established models for 
environmental influences and material resistance.  
2.8.2 Development of Service Life Prediction Model 
When concerned with reinforced concrete structures, durability and service life should be 
parameters with major importance on a rational design. In facilitating the prediction of 
expected service life of new concrete structure, service life prediction models are now 
proving to be invaluable tools. Furthermore, estimation of the residual service life is crucial 
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when developing the cost and efficient repair strategies for the deteriorated concrete 
structure. The service life models are classified into different groups based on different 
standards: (i) deterministic and probabilistic models, and (ii) empirical and mechanical 
models. The chloride ingress models discussed in this thesis are those empirical models based 
on Fick’s law. 
 
Generally speaking, the empirical model is theoretically based on Fick’s laws of diffusion, 
and combined with extensive empirical data from the laboratory tests or existing reinforced 
concrete structures. It was developed from simple to complexity, with consideration of single 
element to multi elements.   
2.8.2.1  Fundamental Diffusion Equations 
Based on the assumption of concrete as a stable, homogeneous, non-reactive material 
subjected to pure chloride diffusion process into semi-infinite space, Fick’s laws of diffusion 
were first applied to describe the diffusion of chloride in concrete through the work of Mario 
Collepardi in the 1970s (Poulsen and Mejlbro, 2006).  
 
In a steady state flow, the transport of chloride ions through a sectional unit area of concrete 
per unit time is proportional to the concentration gradient of the chloride ion (Pack et al., 
2010, Marchand and Samson, 2009, Stanish and Thomas, 2003). This is Fick’s first law of 
diffusion, as shown in Equation 2-6: 
x
cDF
∂
∂
⋅−=
                                                                                                              Equation 2-6 
 
where, c is the chloride concentration, kg/m3 or mole/m3; x is the depth of penetration; D is 
chloride diffusion coefficient, m2/s (The negative sign (−) is because chloride diffusion 
occurs in the opposite direction of the increasing chloride ion concentration). 
 
However, chloride ingress into concrete is a non-steady state process (which is dependent on 
time and space). Fick’s second law of diffusion can describe the non-steady state diffusion 
process and is used in this instance (Song et al., 2009, Crank, 1975), seen in Equation 2-7:  
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∂ )(                                                                                                        Equation 2-7 
where, t is time, seconds. This law is derived by applying Fick’s first law and the mass 
balance equation. 
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However, strictly speaking, Fick’s law and its variants are valid for non-ionic diffusants only. 
For ionic diffusants the effect of the electric field should be taken into account expressed by 
Nernst-Plank or Nernst-Einstein equations. This is because the diffusion mechanism is 
dominant during chloride transport in concrete, the mathematical solution of Fick’s second 
law of diffusion has been extensively used to develop empirical model of chloride ingress. 
Another reason is the simplicity of the mathematical expression of Fick’s second law, which 
wins significant favour in that used in the predicted model.  
2.8.2.2  Error Function Model with Constant D and Cs 
With simple assumptions of constant D and Cs, a model formulated with the error function 
complement solution of the Fick’s second law (expressed in Equation 2-8), was first 
developed (Collepardi et al., 1972) to predict the chloride ingress in concrete, resulting in the 
chloride profile at a given duration. This model had become the dominant model for almost 
25 years.  





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erfcCtxC s 2),(                                                                                          Equation 2-8 
 
where, C(x,t) is the chloride concentration at depth of x and at time of t; Cs is the chloride 
content at surface of concrete; erfc is the error function complement. 
2.8.2.3 Error Function Model (ERFC) with Time-dependent Da(t) 
The dependency of chloride diffusion coefficient Da(t) on the exposure duration t was first 
addressed in 1988 and established as a purely empiric equation which describes the decrease 
of diffusion coefficient with time, that is, Da(t) is proportional to t-0.1 (Takewaka and 
Mastumoto, 1988). Later, Tang and Nillson (1993) advanced the model by proposing the 
mathematical time-dependency equations, from observation in rapid diffusivity test that the 
measured diffusion coefficient in young concrete dramatically decreased with age. As shown 
in Equation 2-9, a pair of known diffusion coefficient and age, was represented by D0 and t0. 
n
t
tDtD −⋅= )()(
0
0                                                                                                          Equation 2-9 
 
Where D(t) is chloride diffusion coefficient at curing time t; D0 is chloride diffusion 
coefficient at time t0 (usually 28 curing days); and n is ageing factor, a constant. 
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The concept of time-dependency diffusion coefficient was introduced into the ERFC model, 
substituting directly the constant Da by the time-dependent Da(t) without adequately 
clarifying the mathematical basis of diffusion (Maage et al., 1996). It also addressed the 
importance of the time-dependent Da(t) on predicting the long-term chloride penetration 
profile of concrete structure, proposing the benefits of applying apparent Da value after time 
integration (Mangat and Molloy, 1994). The simplest ERFC models, which takes the 
apparent diffusion coefficient Da as a constant Da(t) in time and space, has been proven too 
conservative due to the lack of consideration of the retarding effect on the diffusion process 
resulting from chloride binding and refinement of the pore structure over time. The concept 
of “effective age” was proposed and developed as an equation for calculation of the average 
diffusion coefficient (Stanish and Thomas, 2003). Tang and Joost (2007) emphasised the 
essential difference between Da and Da(t) (Equation 2-10), demonstrating the application of 
the Da result after time integration from the start of the test to the completion of the test 
instead of the constant Da(t) obtained by a short-term diffusion test is much more precise.  tex 
is the age of concrete at the start of exposure (Tang and Joost, 2007).  
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2.8.2.4 Introduction of the Time-dependent Cs(t) 
Research observed the build-up of chloride on the surface of concrete with time, where the 
relationship between apparent chloride surface concentration and exposure time was 
developed as different models based on different exposure environments, cement 
combinations (Pack et al., 2010). Moreover, Ann et al. (2009) found that description of the 
build-up of surface chloride in concrete in different models results in different expressions of 
solution to the Fick’s second law, leading to the different shape of chloride penetration 
profile.  
 
The ERFC model is not valid when challenged with time-dependent Cs(t), instead PΨ  
function was introduced by simply replacing the ERFC function in the chloride-ingress 
equation, giving correct solution in Equation 2-11 (Mejlbro, 1996).  
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Nilsson derived a purely empirical model, which requires exposure tests in true environment 
to obtain the time-dependent Da(t) and Cs(t) (Andrade and Kropp, 2000). It is a “false ERFC 
model” because it is not a correct mathematical solution to Fick’s second law. Recently, 
numerical models have been introduced, which easily solve the solution of Fick’s second law 
with the instantaneous Da(t) and Cs(t). Many well elaborated models include Life-365 (Bentz 
and Thomas, 1999) and Bamforth model (Bamforth, 2004).  
2.8.2.5 Model with Consideration of Chloride Binding Effect 
Interactions between chloride ions in the pore solution and solid phase of cement matrix form 
Friedel’s salt and present a typical concentration dependency and are quite difficult to be 
described by the traditional models. Although the Nernst-Planck flux equation model can 
well depict such diffusion processes with clear physical significance, its complicated 
expressions and many parameters severely impede its applicability. It is highly desired to 
develop a simple model with fewer parameters that can effectively describe such chloride 
ions diffusion processes in concrete. The effect of the binding isotherm nature on the 
predicted chloride concentration profile, where the benefits of chloride binding in concrete 
lower free chloride penetration depths, was studied (Martin-Perez et al., 2000). The 
understanding of the binding properties of a given cement combination and the use of the 
appropriate binding relationship in numerical model,  enables the engineer to better foresee 
chloride penetration depths and, therefore, depassivation time of reinforcing steel. It was also 
concluded that taking into account the chloride binding capacity of concrete can prolong 
service life of concrete structures significantly compared to that without chloride binding 
effect (Lin et al., 2010). 
2.8.2.6 Probabilistic Model 
Compared to those deterministic approaches, the probabilistic approaches taking into account 
a large number of uncertainties may accurately analyse the assessment of the durability and 
service life in reinforcement concrete structures exposed to marine environment or de-icing 
salt condition.  
 
In many cases the information yield by deterministic models is insufficient to evaluate the 
risk of not reaching the target service life, especially in the mechanical design of structures. 
Probabilistic design methods are considered essential as the scatter due to degradation is 
normally wide and the degree of risk may be great. When using probabilistic durability 
models, the structures are designed by ensuring a certain minimum reliability with respect to 
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target service life (FIB, 2006). The target service life is not an absolute value which must be 
met at all costs. Rather the requirement that the probability of the service life falling short of 
the target service life is smaller than the allowed failure probability. In this way the real 
nature of service life is better considered and the design corresponds more closely to the 
expected result. Stochastic design methods also provide a designer with the possibility of 
evaluating the sensitivity of different parameters affecting service life. Thus the main 
attention can be directed to these parameters. This possibility may be valuable even at the 
development stage of modelling. 
 
Recently, a probabilistic model to predict chloride ingress was proposed in FIB Model Code 
for Service Life Design and FIB Model Code 2010. This model also describes the behaviour 
of chloride penetration with Fick’s second law of diffusion by the solution of error function, 
seen in Equation 2-8. However, the basic variables are introduced as random variables 
derived from the numerous experimental results. Subsequently, the modelled chloride content 
at a predefined depth at the end of design service life is a kind of statistic value. With the 
limit state equation, the probability of exceeding the critical chloride content in a predefined 
depth and hence the reliability can be derived, Equation 2-12.  
{ }0)50,( <=− SLcritf txccP  with )( β−Φ=fP                                                              Equation 2-12 
 
where Pf is failure probability, %; x is predefined depth, mm; tSL is intended service life here 
50 years, year; Φ() is the standard normal distribution; and β is the reliability index. 
2.8.2.7 Numerical Model 
Numerical models (Petcherdchoo, 2013, Lin et al., 2010) have shown powerful ability in 
solving the partial differential diffusion equations numerically (in space as a boundary-value 
problem and in time as an initial-value problem). They are not only considering the time-
dependent parameters of Da(t) and Cs(t), but the chloride binding effect and the chloride 
contaminated or maintenance concrete structure.  
 
Solutions to Fick’s second law (as shown in Equation 2-7) with any time dependence of the 
diffusion coefficients and the surface chloride content can easily be found numerically. 
For the one-dimensional diffusion, the time-to-initiation is estimated deterministically using a 
one-dimensional Crank-Nicolson finite difference approach, where the future contents of 
chlorides in concrete are a function of current chloride contents (Smith, 1978). On basis of 
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partial differential equation of Equation 2-7, the content of chloride at a given unit of the 
concrete i and next time period t+1 is determined by 
( ) ( ) titititititi rcrcrrcrccrrc 1111111 2121 −++−=++ +−+=−++−                                               Equation 2-13 
 
2)(2
)()(
dx
dt
tDr =                                                                                                                 Equation 2-14 
 
where D(t) is the diffusion coefficient at time t; dt is the time step, in seconds; dx is the 
distance increment; cti is chloride content (% wt of concrete) at time t and unit i; i is the 
particular unit of concrete from 1 to I (and i=0 is the surface of concrete that holds the 
external concentration of chloride); and t is the time of the initiation-to-corrosion period. It is 
noticed that the number r is required to be small for numerical accuracy.  
2.9 Summary  
The main findings which are involved in this literature review are presented in this section. 
 
Firstly, chloride-induced corrosion was regarded as the most frequent deterioration for the 
reinforcement concrete structure. The process of chloride attack on the reinforced concrete 
structure was detailed, including chloride source, transport mechanism and corrosion process.   
The recognition of such deterioration has been developed in National and European Standard, 
however, the durability requirement of concrete for particular environment in current 
Specifications is only satisfied by the prescriptive-based approach.  
 
Secondly, the optimum design of concrete proportion, including binary cement combination 
of PC/FA and PC/GGBS, and ternary cement combination with additional third component of 
LS, SF and MK, was investigated and observed significant benefits on enhancing chloride 
resistance of concrete. It is an optimum way to be widely applied to increase the chloride 
durability of concrete structure. Test methods measuring the chloride resistance have 
developed in various forms, and some of these have been specified as standards. The review 
of current test methods was also undertaken on basis of their fundamental principles, details 
of experimental programme and advantages and disadvantages. For this study, four test 
methods were selected consisting of Rapid Chloride permeability test, Rapid Migration test, 
Multi-Regime test and Immersion test.  
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Next, in Phase II, the electrochemical remediation approaches are inevitable and useful for 
the reinforcement concrete structure which has been contaminated or under potential 
deterioration from chloride attack. Of various current electrochemical approaches, 
electrochemical chloride extraction was comprehensively investigated, including its 
functional principle, effectiveness, advantages and disadvantages. The wide use of ECE gave 
insight into further application on reinforcement concrete structure prior to steel corrosion, 
which can avoid many uncertainties caused by the application on corroded structure. In order 
to offer extra protection from chloride re-ingress toward desalinated concrete, consequently, 
the surface protection system involving of coating material protection was reviewed, and 
found to be effective in preventing chloride penetration. Combination of both ECE and 
surface protection approach was few in previous studies.  
 
It also summarised the development of service life prediction modelling based on Fick’s 
second law. It started from developing simply empirical model with assumptions of constant 
chloride diffusion coefficient and surface chloride content of concrete. Further development 
involved the time-dependent chloride diffusion coefficient during curing age, build up 
phenomena of surface chloride content exposed to environment, as well as chloride binding 
effect between free chlorides and solid phase of cement matrix. Currently, the probabilistic 
model has been developed to evaluate a certain minimum reliability with respect to a design 
service life, and recommended as a standard model (Fib model). Finally, a numerical model 
was introduced and selected as studied model to predict the service life of concrete under 
different maintenance treatments, based on some parameters obtained from laboratory, 
although the results are under questioned because of many uncertainty inputs. 
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3 Chapter III. Experimental Programme: test details, 
materials and test method procedure 
3.1 Introduction 
This Chapter describes the experimental programme which has been carried out in order to 
achieve the expected aim and objectives. As mentioned, the project was separated into two 
phases, (i) enhancing the chloride resistance of concrete through mix design and materials; 
(ii) using electrochemical repair techniques to increase service life of concrete. Each phase of 
the project uses a same concrete mix designs, but different test methods. This chapter looks at 
the materials used and test carried out.   
3.2 Programme of Work 
The project was divided into two phases, each of which consisted of five stages. The 
following work was arranged to describe contents of Phase I, followed by Phase II in 
sequence, as seen in Figure 3.1.  
3.2.1 Phase I 
Stage I-A: Literature review. A comprehensive literature review was completed to examine 
several issues related to the field of research, including the mechanism of chloride attack, 
development of standards involving cements material and durability of concrete, application 
of constituent cements in concrete and current test methods for chloride resistance of 
concrete. Stage I-B: Selection of cement combinations concrete. Combined the importance 
of w/c ratio in concrete production and its requirements for XD and XS exposure class in BS 
8500 (BSI, 2006) and the characteristics of high performance concrete (low w/c ratio), a 
narrow range of w/c ratios covering 0.35, 0.40 and 0.45 were selected. Additionally, binary 
and ternary cement combinations were selected based on the current practise and 
specifications in UK and Europe. The cements used included FA, GGBS, LS, SF and MK. 
Here, the binary cement combinations were made by partially replacing PC content by FA 
and GGBS separately, while LS, SF and MK were also combined within the binary 
combinations as the ternary cement material. The maximum content of each additional 
cement was specified taking account of BS EN 197-1 (BSI, 2000) and BS 8500 (2002 and 
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2006). Referred from the previous researches (Dhir et al., 2010), the cement combinations 
comprise of addition materials which were specified as: 70PC30FA and 50PC50BS for 
binary cement combinations concrete; 60PC30FA10LS, 70PC30FA10SF, 55PC30FA15MK, 
70PC30FA15MK, and 40PC50GGBS10LS for ternary cement combinations concrete. 
 
Stage I-C: Properties of cement combinations concrete. It measured the chloride 
diffusion/migration coefficient of all mixes. This stage was the main part of the research, 
providing the key parameter (chloride diffusion/migration coefficient) to classify concrete 
with respect to their chloride durability properties. However, the transport of chloride ions 
through concrete is a complicated process, which results in the development of series of 
methods to measure the diffusion/migration coefficient, each of them having their own 
particularities. Subsequently, four current chloride test methods were selected. (i) Rapid 
Chloride Permeability Test can describe the chloride permeability of concrete, by recording 
the total ions movement through concrete samples (ASTM C 1202, 2000). (ii) The Rapid 
Migration Test is carried out to measure the chloride migration coefficient by accelerating the 
chlorides ions penetration under external electrical field (NT Build 492, Nordtest, 1999). (iii) 
The natural diffusion cell Test can observe the non-steady-state chloride diffusion coefficient, 
but it costs longer testing time (Unidirectional diffusion, BSI, 2010). (iv) The Multi-Regime 
test is aiming for the steady state migration coefficient of fully chloride bound concrete 
(Multiregime Method, UNE, 2009). 
 
Stage I-D: Properties of cement combinations paste. The connected pores in cement paste 
and interfacial zone between cement paste and aggregate are of importance for chloride 
transport, in case aggregates are considered as non-permeable material. The reaction between 
free chlorides and cement hydrate is another obstacle for chlorides ingress. Thus, the 
properties of cement paste are necessary to be investigated.  In this stage, a series of cement 
combinations pastes, just by removing aggregates from corresponding cement combinations 
concrete, were cast and cured. The MIP method was carried out to study the development of 
microstructure of cement paste at early age, as well as test method to evaluate the chloride 
binding capacity of responding cement combinations paste. Stage I-E: Evaluation of chloride 
resistance of high performance concrete. It discussed the effects of cement combinations and 
w/c ratio on the chloride resistance of concrete. A maximum w/c ratio is specified as the main 
indicator for evaluating durability in deemed-to-satisfactory standards, where a reduction in 
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the w/c ratio leads to an increase in durability. This is undertaken to investigate the effects of 
different cement combinations and w/c ratio in increasing the resistivity of chloride attack. 
 
Properties of Cement Combinations Concrete
Mechanical Property: Compressive Strength;
Durability Property: Chloride Resistance;
Chloride Test Methods:
Method A: Rapid Chloride Permeability Test;
Method B; Chloride Migration Test;
Method C: Multi-Regime Test;
Method D; Natural Diffusion Cell Test.
Properties of Cement Combinations Paste
Physical Property: Microstructure
Chemical Property: Chloride binding capacity
Test Methods:
Mercury Intrusion Porosimetery
Self-design test method for chloride binding 
capacity
Evaluation of Chloride resistance of High 
Performance Concrete
Effects of multi-cement incorporation in concrete;
Effects of lower w/c ratio in concrete.
Literature Review
OVERALL PROJECT
STAGE 
IA,IIA
STAGE 
IE,IIE
STAGE 
ID,IID
STAGE 
IC,IIC
STAGE 
IB,IIB
PHASE I PHASE II
Literature Review
Selection of cement combinations concrete
Water/Cement Ratio: 0.35, 0.4 and 0.45;
Cement Content: 400 and 475 kg/m3;
Target Slump Class: S3 (90-140mm);
Curing Condition: Standard Water Curing;
Cement Combination Types (%): Unary- 100PC; 
Binary- 70PC30FA; 50PC50GGBS;Ternary-
60PC30FA10LS, 70PC30FA10SF, 
55PC30FA15MK,70PC30FA15MK, 
40PC50GGBS10LS.
Selection of cement combinations concrete
Water/Cement Ratio: 0.35, 0.45 and 0.45;
Cement Content: 400 kg/m3;
Target Slump Class: S3 (90-140mm);
Curing Condition: Standard Water Curing;
Cement Combination Types (%): Unary- 100PC; 
Binary- 70PC30FA; 50PC50GGBS.
Electrochemical Chloride Extraction
Test Processes:
(1). Chloride penetration in 28-day concrete;
(2). Two cycles of electrochemical chloride 
extraction test (two weeks duration for each cycle 
and two weeks break between them);
(3). Measurement of pore structure (MIP);
(4). Carbonation test (up to 10 weeks exposure).
(5). Chloride re-ingress test (chloride solution 
continuous spraying for 30 days).
Surface Protection
Material: Silane, RheoFIT® 790;
Sample: Desalinated concrete (100PC,         
70PC30FA, and 50PC50GGBS);
Test Method: Chloride solution spraying test;
Results: Chloride penetration profile; non-steady   
state chloride diffusion coefficient.
Service Life Prediction Model
Samples: Non-desalinated, post-desalinated, and 
post-desalinated and coated concrete;
Model: A numerical service life prediction model 
based on the Fick’s second law;
Results: Predicted service life of all mixes under 
different protection approaches.
 
Figure 3.1 Programme of work 
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3.2.2 Phase II 
Stage II-A: Literature review. A literature review was undertaken to mainly survey the 
application of electrochemical remediation approaches on chloride contaminated reinforced 
concrete structure, including their mechanisms, merits and disadvantages. In addition, the 
surface protection approach by coating surface of concrete structure with waterproofing 
admixtures was also determined, which was used in field with combination of ECE treatment. 
Finally, the models of service life prediction based on Fick’s second law were examined, and 
selected for this study. Stage II-B: Selection of experimental cement combination concretes. 
FA and GGBS are widely used as addition cement in recent construction to increase the 
durability of chloride attack. Based on the continuous research from Phase I, here, the100PC 
concrete was selected as reference mix, whilst the binary cement combinations concrete of 
70PC30FA and 50PC50GGBS were also investigated. The w/c ratios were set up to at the 
level of 0.35 and 0.45 as same as preceding study, and extended to the level of 0.55, which 
considered the old structure with high w/c ratio. Stage II-C: Electrochemical chloride 
extraction. This section investigated the effectiveness of chloride removal from concrete prior 
to the steel corrosion occurring under ECE treatment. Instead of mixing chloride at time of 
concrete casting, the project selected the accelerated chloride penetration treatment on 
samples after 28 curing days, which is practical to control the depth of chloride penetration 
within the cover depth. The chloride content within 8 layers of every 5 mm depth was 
measured, plotting the ingress chloride profile of concrete. Two cycles of two-week chloride 
extraction treatment were applied, with the interval of 2 weeks for the re-equilibrium of 
chloride binding. As well, the two extraction chloride profiles of concrete were measured. 
The comparison of the latter chloride profiles with the ingress chloride profiles indicated the 
effectiveness of removal chlorides by the application of ECE. After ECE, the pore properties 
and carbonation of extracted and non-extracted concrete were measured. Although the 
chloride removal efficiency is outstanding, the subject of chloride re-ingress of concrete after 
extraction treatment is important for structure in the remained service life. Comparison of 
chloride penetrating in experimental samples with and without ECE treatment is directly 
evaluating the impact of the applied ECE approach on the re-ingress of chlorides. The 
influence of ECE on the performance of the chloride re-ingress was determined from the 
chloride profile in the spraying test which is analysed to obtain the chloride diffusion 
coefficient. 
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Stage II-D: Surface coating protection technique. Alternatively, coating agents treated on the 
surface of concrete structure can retard or prevent the penetration of chlorides from exposure 
environment, which lead in the extension of the corrosion initiation period. The effect of the 
chemical coating on the concrete surface on hindering chloride ingress was evaluated based 
on the obtain chloride penetration profile after the spraying test. Stage II-E: Prediction of the 
service life. The ECE and surface coating protection approach are applied to extend the 
service life of concrete structure. Quantitative assessment of the enhancement in terms of 
‘extended’ service life is much direct and practical for engineers. Based on the calculated 
diffusion coefficients from analysing the chloride profile in chloride spray test method and 
prediction life model, the extension service life by the application of the desalination can be 
calculated. 
3.3 Materials 
3.3.1 Cements 
All cements used throughout the study were obtained in single bulk samples and stored in air 
tight bags or within drums before use.  The limestone is regarded as a cement replacement at 
low level in this project instead of typically utilised as a filler material in concrete. These 
materials, their abbreviations, standards of conformity and methods of storage are shown in 
Table 3.1, whilst their physical properties and chemical analysis are outlined in Table 3.2. 
Table 3.1 Details of all cements 
Cement Type Abbreviation Standard of Conformity Storage Procedure 
Portland Cement  PC (BS EN 197-1:2000) Bags 
Fly Ash FA (BS EN 450:2005) Bags 
Ground Granulated 
Blastfurnace Slag GGBS 
(BS EN 197-1:2000) 
(BS EN 15167:2006) Bags 
Limestone LS (BS 7979, 2001) Bags 
Silica Fume SF (BS EN 13263-1, 2013) Drums 
Metakaolin MK ASTM C618 Bags 
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Table 3.2 Properties of test cement and additions 
Property PC FA GGBS SF LS MK 
Fineness, m²/kg 465* 20%® 598* 22400$ 1550$ 13025$ 
Particle Density, g/cm³ 3.14 2.17 2.89 2.29 2.63 2.61 
Water requirement£, ml/500g 140 160 240 205 157 305 
Loss on Ignition, % n/t 6.2 n/t n/t n/t 2.1 
Bulk Oxide Composition, % by mass 
CaO 62.91 3.34 39.17 0.29 55.13 n/d 
SiO₂ 18.77 42.13 33.77 98.41 0.14 54.53 
Al₂O₃ 4.55 19.65 11.99 0.66 0.19 35.98 
Fe₂O₃ 2.88 10.27 0.52 0.07 0.03 0.61 
MgO 1.07 1.30 6.87 0.30 0.16 0.28 
MnO 0.05 0.08 0.22 0.02 0.03 0.01 
TiO₂ 0.42 1.03 0.49 n/d 0.03 n/d 
K₂O 0.64 2.70 0.34 0.51 n/d 2.25 
Na₂O 0.31 1.65 0.18 0.15 0.04 0.11 
P₂O₅ 0.21 0.40 0.01 0.03 0.01 0.11 
Cl 0.08 0.02 n/d 0.01 n/d n/d 
SO₃ 2.59 1.77 0.99 0.09 n/d n/d 
Particle size distribution, % Passing by mass 
150 µm 
 
100 100 100 100 100 
75  µm 100 99.9 99.6 97.3 99.9 99.8 
40 µm 95.7 93.3 98.8 91.3 99.6 98.4 
20 µm 76.4 77.1 92.5 82.8 98.1 90.8 
10 µm 53.3 57.3 72.8 72.8 88.9 73.8 
5 µm 29.8 37.1 46.9 60.9 66.7 51.3 
2 µm 13.5 20.6 26.4 47.3 40.5 29.3 
1 µm 4.3 8.8 10.0 32.5 14.7 8.0 
0.5 µm 1.4 4.8 4.7 25.8 5.2 2.7 
<0.5 µm 0.0 0.7 0.7 11.7 0.4 0.2 
n/t: not test; n/d: not detected; *: tested by Blaine fineness method; ® : retain % at 45 um sieve;  
$: test by nitrogen adsorption BET method; £: results from requirements in ASTM C187. 
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3.3.2 Aggregates 
The crushed limestone aggregate used in the mixes consists of two ranges of grading, 4/10 
mm and 10/20 mm. Fine aggregate (sand) of medium grade are in a single size fraction of 0/4 
mm, which are obtained locally from the nearby Fife quarry. The main properties and oxide 
compositions of these aggregates confirming to relevant standards (BS EN 1097-6, 2013, BS 
EN 933-1, 2012) are outlined in Tables 3.3. 
Table 3.3 Physical and chemical properties of aggregates 
Property 
Natural Sand  Limestone Aggregate 
0/4 mm 4/10 mm 10/20 mm 
Shape, visual inspection Round Irregular & Angular 
Irregular & 
Angular 
SSD Density†, kg/m³ 2650 2690 2690 
LBD Density$, kg/m3 1640 1440 1435 
CBD Density*, kg/m3 1815 1585 1565 
Water Absorption, % 0.8 0.5 0.5 
Bulk Oxide Composition, % by mass 
CaO 2.29 55.21 54.56 
SiO₂ 66.49 1.11 1.30 
Al₂O₃ 10.80 0.12 0.31 
Fe₂O₃ 4.05 0.02 0.13 
MgO 1.86 0.13 0.17 
MnO 0.07 0.02 0.02 
TiO₂ 0.63 n/d 0.13 
K₂O 1.71 n/d 0.02 
Na₂O 1.80 0.04 0.06 
P₂O₅ 0.17 0.01 0.01 
Particle size distribution, % passing by mass 
20 mm - - 100 
14 mm - - 93.7 
10 mm - 100 28.9 
5 mm 100 92.7 1.1 
2.36 mm 98.8 0.3 - 
1.18 mm 77.9 - - 
0.6 mm 53.5 - - 
0.3 mm 31.7 - - 
0.15 mm 11.7 - - 
0.075 mm 4.7 - - 
†Saturated surface dry density; *Compacted bulk density; $ Loose bulk density; n/d: not detected/t: not 
test. 
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3.3.3 Mixing Water 
In the process of samples casting and curing, all mix water was obtained directly from the tap 
water which qualified the requirements in accordance with standard (BS EN 1008, 2002). 
Additionally, de-ionised/distilled water was used for the preparation of aqueous calibration 
and for testing purposes where chloride-free water was specified in a testing procedure. The 
distilled water was specifically used for the chemical analysis, like titration analysis for total 
and free chloride content. 
3.3.4 Superplasticiser Admixture 
Two forms of superplasticise admixtures manufactured by BASF were utilised in this project. 
Glenium 123 is a general purpose water reducing admixture whilst Glenium Sky 544 is a 
high range water reducing admixture. Both are complied with current standard (BS EN 934-
2: 2009+A1:2012, 2009). 
3.3.5 Chemical Reagents 
The chemical reagents for the whole project are summarised in Table 3.4.   
Table 3.4 Chemical reagents for tests 
Test Method Chemical Reagents 
Rapid Chloride Permeability test NaCl solution (3%), NaOH solution (0.3 N); 
Rapid Chloride Migration test 
NaCl solution (10%), NaOH solution (0.3 N),  
saturated Ca(OH)2 solution; 
Multi-Regime Migration test NaCl solution (1 M), KNO3 solution (1 M); 
Natural Immersion test NaCl solution (3%), saturated Ca(OH)2 solution; 
Potentiometric Titration test HNO3 (22%), AgNO3 (0.1 M), standard KCl (1000 ppm); 
Carbonation Phenolphthalein 
 
3.4 Concrete Mix Designs and Compositions (Common to Phase I and II) 
The British Research Establishment (BRE) mix design method is a widely-adopted procedure 
for designing ordinary concrete production in UK, which is used as original design stage. For 
cement combination concrete, the maximum level of each addition material was determined 
taking account of BS EN 197-1 (2011). Besides, the selected replacement or addition level in 
this study was derived from the wide reviews (Dhir et al., 2010, Dunne, 2010). SF, MK and 
LS cement were used as third constituent cement into the binary concrete to combine the 
ternary concrete, because of their finer particle size than that of PC, FA and GGBS cement. 
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According to the particle packing model (Zheng, 2001), the packing density is greatly 
increased by adding multi-size particles. The partial replacement of cement by finer particles 
increased the overall particle packing density more pronounced than that of original one. It is 
noticed that the addition of silica fume to the mix design (stored in a slurry form and 1:1 ratio 
of solid to liquid) caused an extra adjustment to the final water content in the design 
procedure. This was completed by reducing the volume of free water by the quantity of liquid 
added by the silica fume addition.   
 
To satisfy yield, it is necessary to make slight adjustments to the quantities calculated from 
the above procedure. Such adjustments are according to the tested particle density of the 
cementitious materials and are necessary to guarantee that expected yield of concrete is 
obtained from the mix design procedure. These adjustments induce small variations between 
the actual cement and water contents in Tables and nominal weights of cement and water 
following the mix design procedure. Examples of a standard PC, FA binary and ternary mix 
designs at w/c ratio of 0.35 are shown in Appendix B, Figures B.1 to B.3, and total mix 
proportions of concrete are outlined in Table B.1 and B.2.  
3.5 Preparation of Concrete Test Specimens (Common to Phase I and II) 
3.5.1 Mixing of concrete 
The main procedure of mixing concrete in the whole project is the same, while the noticeable 
part is specified in corresponding subsection. In the lab, a horizontal pan mixer with the 
capacity of 0.035m3 was provided for mixing the concrete. Essentially the mixing procedure 
followed that outlined in BS 1881-124 (BSI, 1988) and is described in Table 3.5. 
3.5.2 Casting and Curing of Concrete Specimens 
Casting of fresh concrete was conducted by multi-layer into specific moulds,  2 layers for 
cube and beam,  and 3 layers for cylinder moulded specimen, with necessary vibration in 
accordance with BS EN 12390-1 and BS EN 12390-2 (BSI, 2000). The top surface of 
concrete was finished smoothly with a steel float. The new cast concrete was positioned 
under damp hessian and covered with polythene sheeting during the first 24 ± 2 hours. After 
this time, specimens were demoulded and marked, and then immersed into the water curing 
tanks with temperature controlled (20°C ± 2°C) until immediately before testing. 
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Table 3.5 Descriptions of steps for concrete mixing procedure 
Steps Descriptions 
1 Aggregates in lab-dry state are all-in mixed for thirty seconds. 
2 Approximately half of the mix water is added and mixed for one minute. 
3 Aggregates are left to absorb water for eight minutes to obtain saturated surface dry (SSD) 
states. 
4 All cement and addition materials are added and mixed for one minute (all solid cements 
and waterproofing admixtures should be mix together before added into the mixer). 
5 To ensure homogeneity the concrete is briefly mixed by hand, concentrating on the 
material around the edge of the pan. 
6 
Superplasticiser is poured into the second half of the mix water and stirred until fully 
dispersed.  The mixture is then added to the mix and agitated for a further two minutes 
(The addition of Silica Fume and/or liquid waterproofing admixture must be done before 
this step). 
7 A brief hand mix as described above is then performed. 
8 Mixing is again performed for an additional one minute which completes the procedure. 
 
3.5.3 Fresh Properties and Compressive Strength of Concrete  
3.5.3.1 Consistency and Plastic Density Test 
Slump test was conducted in accordance with standard (BS EN 12350-2, 2009), mainly to 
check the consistency. The slump value is described as the vertical distance between the top 
of the slumped concrete and the top of the inverted cone (to the nearest 10 mm).  The slump 
class was designated at S3, with range of 90 to140 mm.   
 
The plastic density of concrete was measured in accordance with the method presented in  
standard (BS EN 12350-6, 2009).  Fresh concrete was casted in a cylindrical container with 
three equal layers and vibrated on the vibration table for 15 seconds. Thereafter, the plastic 
density of the fresh concrete, expressed in kg/m3, was calculated by dividing the weight of 
the compacted concrete by the volume of the container. The plastic density and slump results 
for all concretes investigated in this research are presented in Appendix B, Table B.3 and B.4. 
3.5.3.2 Cube Compressive Strength 
The cube compressive strength of 100 mm concrete in this research was tested in accordance 
with relevant standard (BS EN 12390-3, 2009) at 3, 7, 28 and 120 days.  In all mixes, 
compressive strength measurements were conducted on two samples (more in some case). 
Under testing conditions each cube sample was subjected to a constant loading rate of 
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between 0.7 ± 0.1 N/mm2•s until failure. The development curve of strength was plotted by 
hand based on the graph of experimental strength values with curing ages. 
3.6 Test Methodologies (Phase I) 
3.6.1 Chloride Penetration Test Methods Procedure 
Several methods have been developed for investigating chloride transport via concrete. 
However, the complexity of the process has, up to now, hindered broad agreement on a single 
test method being reached (Stanish et al., 2000). In this section, four of the most justly used 
test methods are carried out to evaluate the chloride ingress via concrete, including the rapid 
chloride permeability test, the rapid chloride migration test, the steady-state migration test 
and immersion test. The comparison of these four test methods involving detailed test 
information was summarised in Table 3.6. 
3.6.1.1 Rapid Chloride Permeability Test (ASTM C1202, 2000) 
The rapid chloride permeability test (RCPT) was performed in accordance with the ASTM C 
1202 (ASTM, 2000), which is widely used in North America.  In this test, the final reported 
measurement is the total passed charges (given as Coulomb values), which is considered as 
an indirect indicator of chloride penetration. The test setup was presented in Figure 3.2.  
 
Figure 3.2 Rapid chloride permeability test method setup 
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Table 3.6 Details of experimental methods 
Standard 
Code 
 Rapid Chloride Permeability   Rapid Chloride Migration test  Steady-state Migration Test  Natural Immersion Test 
 ASTM C 1202 (2000)  NT Build 492 (1999)  MR test (2009)  CEN/TS 12390 (2011) 
Specimens 
 Two standard disc samples of 
50×Φ100mm, with the cut surface 
as the test surface 
 
Two standard disc samples of 50×Φ100mm, 
with the cut surface as the test surface 
 
Two standard disc samples of 25×Φ75mm, 
with the cut surface as the test surface 
 Two standard disc samples of 
70×Φ100mm, with the cut surface as 
the test surface and waxed coating on 
all non-exposed surfaces 
Pre-
conditioning 
 Three-hour dry vacuum and one-
hour saturation vacuum with de-
ionised water, then leave in water 
for 18 hours 
 Three-hour dry vacuum and one-hour 
saturation vacuum with saturated limewater, 
then leave in solution for 18 hours 
 Three-hour dry vacuum and one-hour 
saturation vacuum with de-ionised water, 
then leave in water for 18 hours 
 Specimens are immersed in saturated 
limewater until a constant weight is 
reached (normally a few days). 
Test method 
 Setup sample in two chamber cell, 
one of which was filled with 
catholyte solution containing a 3% 
by mass NaCl whilst the other was 
filled with anolyte solution of 0.3 
M NaOH . Both solutions were 
made with de-ionised/distilled 
water.  
 A 10-60 V DC external potential is imposed 
across the specimen, with the test surface 
exposed to a catholyte 10% NaCl by mass in 
tap water and the opposite surface to a 0.3 N 
M NaOH solution for a known amount of 
time (in most cases 24 hours). The specimen 
is then split open, and the depth of 
penetration of the chloride ions measured 
using a colorimetric method 
 A 12 V DC external potential is applied 
across the test specimen, with the test 
surface exposed to a 1M NaCl solution in 
upstream cell and the opposite surface to de-
ionised water in downstream cell. The 
conductivity in the downstream solution is 
measured at time intervals, and converted to 
a chloride concentration, until a constant 
increase in conductivity is reached. 
Specimens are immersed in 3% NaCl 
solution for 90 days, and then samples 
are obtained by grinding the specimen 
successively from the exposed surface. 
The chloride penetration profile is 
measured by means of potentiometric 
titration to determine the total chloride 
content of each powder sample 
Test 
duration 
 
Six hours for testing, plus 22 hours 
for pre-conditioning 
 
About 6-96 hours (in most cases 24 hours), 
depending on the quality of concrete, for 
migration, plus 24-hour pre-conditioning 
 
A few days, up to about 2 months 
(depending on the quality of concrete), for 
migration, plus 24-hour pre-conditioning 
 90 days for immersion, plus 24-hour 
pre-conditioning, and a few days more 
for grinding and analysing chloride 
profiles 
Test results  Coulomb values as an indicator of 
chloride penetration Non-steady state migration coefficient Dnss  
 The steady state migration coefficient Ds  Chloride penetration profiles, the 
curve-fitted parameters Dnss and Cs 
Precision 
 
Average repeatability COV 12% 
and reproducibility COV 18%, 
according to ASTM C 1202-05 
 
Average repeatability COV 15% and 
reproducibility COV 24%, according to the 
final evaluation results from the 
CHLORTEST project (Tang, 2005) 
 Average repeatability and reproducibility 
COV 22% and 76% (Tang, 2005), 
respectively; and Average repeatability and 
reproducibility COV 24% and 45% 
(Castellote and Andrade, 2005), respectively 
 
No precision data available. 
Coefficients of variation for single test 
results are to be expected: Cs ~ 20 % 
and Dnss ~ 15 %. 
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3.6.1.2 Rapid Chloride Migration Test (Nordtest, 1999) 
The rapid chloride migration test was developed in accordance with Nordic test method  
(NT Build 492) with the test method setup presented in Figure 3.3.  An external electrical 
potential is applied dependent of quality of concrete axially across the specimen, which 
drives the chloride ions outside to migrate into the specimen.   
 
Figure 3.3  Rapid chloride migration test method setup 
After a certain test period, the specimen is axially split and cut, and a silver nitrate solution is 
sprayed onto one of the freshly split or cut sections. The chloride penetration depth is then 
measured from the visible white-silver chloride precipitation. The test is considered as 
relatively simply and rapid, with test duration of 24 hours in general.  
 
Obtaining the chloride penetration depth, the non-steady-state migration coefficient is 
calculated as:  
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where, Dnssm is the apparent non-steady-state migration coefficient, 10-12m2/s; U is the applied 
potential, V; L specimen thickness, mm; T is the average value of the initial and final 
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temperatures in the anolyte solution, K; xd the penetration depth, m; and t is the test duration, 
seconds.  
3.6.1.3 Multi-Regime Test (UNE, 2009) 
The Multi-Regime (MR) Method was developed in 1993 (Andrade, 1993), and subsequently 
standardised in Spain (UNE, 2009). It is designed for the determination of the steady and 
non-steady state chloride diffusion coefficient by monitoring the conductivity of the 
electrolyte in the anolyte chamber in a migration experiment, seen in Figure 3.4.  
 
 
Figure 3.4 Graph of Multi-Regime test method  
The evolution of the conductivity in the anodic chamber develops by three steps illustrated in 
Figure 3.5. The test is completed when step 3 has been clearly reached, and its duration 
depends on the quality of concrete. The steady-state migration coefficient, Dssm, derived from 
the Modified Nernst-Planck equation, as following: 
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JCl is the flux of chlorides through the specimen during the steady-state period, mol/cm2s; 
mmolssf  and mmolssi are chloride concentration at the initiation and end of steady state stage, 
milli mol; S is the cross area of test specimen exposed to the chloride solution, cm2; t is test 
duration of the selected the period of the steady state, seconds; l is the thickness of the 
sample, mm; R is perfect gas constant, 1.9872 cal/mol K; T is average temperature during the 
whole test, K; z is ion value, z=1 for chloride; F is Faradays constant equalling to 23060 
cal/Veq; Cl is chloride concentration in the catholyte, mol/cm3; γ  is activity coefficient of the 
catholyte solution, equalling to 0.657; and ∆Φ is average effective voltage through the 
specimen from the recorded voltages during the steady-state period. 
 
Figure 3.5 Schematic representation of the evolution of the conductivity (UNE, 2009) 
3.6.1.4 Chloride Immersion Test (CEN/TS 12390-11, 2011) 
Standardised in the CEN/TS 12390-11, it is a method for determining the unidirectional non-
steady state chloride diffusion coefficient of conditional specimens of hardened concrete. 
Specimen with all waxed sides except of the exposed surface was placed in a 3% by mass 
NaCl solution at 20°C ± 2°C for 90 days until requested. This test involves several sub tests, 
such as profile grinding, potentimetric titration and one calculation method of chloride 
diffusion coefficient as follows. 
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Profile Grinding 
After immersion period, concrete samples were dry ground into layers (precision of grinding 
depth of ± 1 mm) parallel to the exposed face, and meanwhile powders were collected seen in 
Figure 3.6 (a) and (b). The profile sample shall be securely fixed parallel to the grinder and 
collection of dust of each layer should produce at least 5 g.  In order to avoid edge effects and 
disturbance from the coating, the grinding area of sample shall be not less than 40 cm2 and 
within a boundary 10 mm inside the boundary of the contact zone. The outermost layer of 
sample should have a thickness of not less than 1.0 mm.  
 
 
 
Figure 3.6 (a) Profile grinding and (b) Pulverised dust samples 
Potentimetric Titration 
Acid-soluble and water-soluble chloride contents were determined using a Metrohm 716 
Auto-titrator (as shown in Figure 3.7).  The difference between them is using different 
solutions (nitric acid or deionised water) to dissolve chlorides whilst in solid form. The 
procedures for dissolving followed the method in accordance with standard (BS EN 14629, 
2007).  
 
The auto-titrator measures the absolute [Cl-] ion content in the measuring vessel and divides 
the value with the sample volume. This determination is a potentiometer titration, where [Cl-] 
ions in the sample are reacted by AgNO3 solution when added in very small increments. The 
potential of the solution is monitored throughout and this gives a titration curve which has an 
inflection point corresponding to the point where all the [Cl-] ions present in a solution have 
been matched by [Ag+] (end point).  After which, the chloride contents are calculated by the 
following equation; 
  
   
 
 
 
 
 
 
                                 (b) 
   
 
 
 
 
 
 
                                 (a) 
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NVCCl                                                                                                    Equation 3-4 
 
where the CCl is the determined chloride content, % by weight of concrete; N is the AgNO3 
solution concentration,  mol/l; V is the volume of used AgNO3 solution, ml; m0 is the weight 
of dissolved sample, g. 
 
Figure 3.7 Potentiometric titration test method setup 
Determination of Chloride Diffusion Coefficient 
Based on the chloride profile over depth, the most frequently used method to calculate 
surface chloride content (Cs) and diffusion coefficient (Dnss) is by curve-fitting an error 
function solution of Fick’s second law in forms of a non-linear regression analysis by the 
least squares. This analysis method is also recommended in BS EN 12390-11 (2011). 
 
For selecting experimental point for fitting analysis, usually, the first layer or sometimes even 
deeper was discarded because of their unfitting for the regression profile. Meanwhile, those 
points with value lower than the level between Ci and Ci+0.015% are also excluded from 
curve fitting, however, further layer should be ground from the profile sample if the last point 
has not reached this level until it reached.  
 
The example of regression analysis is illustrated in Figure 3.8, where X axis presents the 
depth of chloride penetration from concrete surface and Y axis presents the acid-soluble 
chloride content in form of % by mass of concrete. The point 1 is excluded from curve-
fitting, so the point 2 is the first point used in the regression analysis, the point 3 is the “zero 
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point”, thus points after this are excluded from curve-fitting. Subsequently, points between 2 
and 3 are selected to calculate Dnss and Cs by fitting Equation 3-5. The surface chloride 
content is thus inferred by extrapolation of the regression curve of the chloride profile, which 
has significant influence on the determination of diffusion coefficient.  
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where, Dnss is the non-steady-state diffusion coefficient, 10-12m2/s ; Cx is the chloride content 
at a distance x (m) from the exposed surface for a given time, t (seconds); Ci is the initial 
chloride content in concrete, % by mass of concrete; Cs is the surface chloride concentration; 
erf is the error function. 
  
Figure 3.8 Illustration of regression analysis 
 
3.6.2 Mercury Intrusion Porosimetry (MIP) 
The MIP is extensively used to formulate the pore structure of concrete material, due to its 
simplicity, quickness and wide measuring range of pore diameter. In this research, the MIP 
was applied to determine the pore structure of cement paste. Theoretically, it is assumed that 
the non-wetting liquid mercury will only intrude in the pores under pressure, and pore 
geometry is sharped of cylinder. Thus, the mercury intruded pore diameter is the function of 
corresponding intrusion pressure, which is expressed by Washburn Equation. 
 
pd /cos4 βγ−=                                                                                                           Equation 3-6 
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where d is the pore diameter, nm; γ  is the surface tension of mercury, N/m; β is the contact 
angle between mercury and solid; and p is the applied pressure, MPa. The density of mercury 
is (13.53) g/ml. The surface tension of mercury is taken as 0.483 N/m (25 oC), and the contact 
angle selected is 130o. The maximum mercury intrusion pressure is of 210 MPa, which means 
that the smallest measurable pore diameter is about 5 nm. Concrete/paste specimens of 10 
mm in diameter were obtained from corresponding cast sample using diamond drill. The 
small cores were dried in oven at 105oC for 48 hours to remove moisture before testing. 
3.6.3 Chloride Binding Test 
The investigation of the effects of cement type and w/c ratio on chloride binding involves 
examining the binding characteristics of different pastes containing constituent materials 
under various conditions. The test involved placing 28-day mature cement paste samples 
(small fractions) into NaCl solution as long as 3 months to reach the equilibrium between the 
external solution and the pore solution of paste sample. For small fraction with diameter less 
than 2 mm, 3 months period is sufficient to reach the equilibrium (Thomas et al., 2012).   
 
All mixes were cured in water with 23 oC ± 2oC before testing. After the curing duration the 
pastes were cut into about 3-mm thick discs. The sliced pieces were vacuum dried for 3 days 
in a desiccator containing soda lime and silica gel. Subsequently, the sliced pieces were 
broken into small samples, selecting the samples with the diameter less than 2 mm and 
weighing approximately 25g, were placed in 250 ml plastic bottles filling with about 150 ml 
of NaCl solution using different concentrations (0.1, 0.3, 1.0, and 3.0 M), sealed and stored at 
23oC ± 2oC. The samples were stored for 3 months to provide sufficient duration to complete 
the process of chemical and physical chloride binding. The samples were taken from the 
storage, put into oven to remove the moisture and ground them into powder. Total amount of 
chemical and physical bound chlorides were measured from the potentimetric titration test, 
expressed in form of acid-soluble chloride in mg Cl/g of the paste sample. After equilibrium, 
the reduction in the chloride concentration of the host solution is attributed to chlorides being 
bound by the cement. Total bound chlorides can be calculated from: 
 
Cb=35.453×V×(Ci-Cf)/md                                                                                                 Equation 3-7 
 
where Cb is the amount of bound chloride in mg Cl/g of the sample; V is the volume of the 
external solution in ml; Ci is the initial chloride concentration of the external solution in 
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mol/l; Cf is the free chloride concentration at equilibrium of the external solution in mol/l; md 
is the dry mass of the sample in g.  
3.7 Inter-comparison of Chloride Resistance within Cement Combinations 
Concrete 
Commonly, the particular property of concrete with different cement combinations is 
compared on basis of equal w/c ratio at same curing age.  However, supplementary cement 
materials, such as FA, GGBS, affect the strength development of concrete greatly when they 
are incorporated into concrete. The strength, which is representative for the overall quality of 
concrete, is regarded as a decisive parameter specified in present standard. With this 
standpoint, comparison of chloride durability indicators of concrete based on the equal 
compressive strength level is taken into account in this study and, used to rank the chloride 
durability performance of concrete. The procedure of normalisation of chloride durability 
indicators of concrete with respect to particular strength grade consists of three steps.  
 
Step 1: Relationship establishment  
The relationship of experimental parameters (such as strength, passed coulombs and chloride 
diffusion coefficient) with w/c ratio is plotted, as seen in Figure 3.9 (a) -(c). 
 
Step 2: Expected w/c ratio determination 
Based on given strength grade of concrete (55 N/mm2 as start point), the corresponding w/c 
ratio of concrete is determined from the relationship between strength and w/c ratio with 
value of 0.42 in Figure 3.9 (a).  
 
Step 3: Chloride durability indicator determination 
With respect to the expected w/c ratio (0.42) on x axis in Figure 3.9 (b) and (c), a value of the 
y axis will be obtained correspondingly. Those values are representing the chloride durability 
indicators of concrete at the given strength grade.  
In some occasions, the expected w/c ratio of concrete on the basis of the given strength grade 
is beyond the designed w/c ratio range because of largely variation of strength development 
in cement combinations concretes. To overcome this problem, extrapolation method is taken 
as practical solution. However, the extrapolated values are not guaranteed safely because they 
have been beyond the test. Nevertheless, a number of previous experimental data provided a 
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clear trend of relationship between those parameters, and a high similarity between the 
previous and current research. This offered a confidence for the use of extrapolation method.  
 
Figure 3.9 Normalisation procedure of interpolating w/c ratio and expected results 
Notes: solid line means interpolated results and dash line means extrapolated results 
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3.8 Preparation of Experimental Samples (Phase II) 
3.8.1 Ponding  
The pond container on top surface of concrete sample is needed in both chloride penetration 
test and ECE test, to hold NaCl solution and electrolyte solution respectively. It is shown in 
Figure 3.10. The pond container composed of 5 pieces of PVC. All five components, 
excluding of the lid, were glued as box sharp with the same size of top surface of concrete 
and sealed with silicone sealant to ensure no leaching. Sample was taken out from the water 
curing tank, and dried in the air before setting pond container. The pond container was sealed 
to the top surface of the sample using silicone sealant. 
 
Figure 3.10 Pond container components 
3.8.2 Waxing 
The sample surface was kept clean and dry before the start of wax treatment. All sample 
sides, except the top surface, are sealed by several layers with hot wax, seen in Figure 3.11. 
Each layer was completed with interval of 5 minutes to enable the last layer to be hardened. It 
always needed 4-5 times to avoid any voids in the wax layer surface. The waxed surface 
treatment can prevent moisture evaporation in order to avoid concrete drying under dry 
environment. Waxed sample was filled with water in the pond container before test, to check 
the watertight of the pond container and cure sample.   
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3.8.3 Mesh/Sponge 
Titanium mesh was commonly used in previous research of ECE due to the highly corrosion 
resistance. However, it is very expensive. In this research, alternatively, the mild steel mesh 
was selected. Steel mesh required regular replacement due it corroding very quickly. The 
placement of sponge on the surface of concrete can improve the conductivity of concrete 
when it was applied under electrical field. Those were seen in Figure 3.10. 
 
Figure 3.11 Wax treatment of concrete sample 
3.8.4 Coating 
The pond container was removed, let the top of surface exposed to chloride spray 
environment directly. Then, the steel brush was used to clean the top surface of concrete 
samples, removing white deposit (CaCO3) caused in ECE duration. Two types of chemical 
coating agents, Silane and RheoFIT ® 790, were selected in this study. The coating material 
was brushed onto the surface instead of sprayed way because it was personally considered as 
more easily controlled and avoid excessive volatilization. The key parameters of such two 
materials were outlined in Table 3.7. It was highly recommended the trial test on unused 
sample before treating coating agents on the tested samples. 
 
The brushed coating procedures were described as following: firstly, the ready coated surface 
should be clean and dry, and was marked with lines to guide the location of brush, illustrated 
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in Figure 3.12; the coating solution was prepared based on the recommendations from the 
manufacture; secondly, the brush was saturated by the prepared solution, and went constantly 
along the longitude direction from left to right of the sample and repeated until the use out of 
the prepared solution, avoiding overlap between close layers; the periods of break between 
two cycles of treatment were different for two agents. For RheoFIT ® 790material, the 
second coat can be brushed as soon as the first one dry by visual inspection. However, for 
purely Silane, the second treatment should begin at least 6 hours after the first coat finished.  
Table 3.7 Instructions of materials from the manufacture 
  
Recommendations 
Silane (coating I) RheoFIT® 790 (coating II) 
Dosage 300 ml/m2 285 ml/m2 
Times of Coating Two Two 
Instructions 
Second time coat starts 6 hours 
after the first one; keep at least 6 
hours before placing into solution 
No limited time between the first 
and second time coat; keep 24-36 
hours before placing into solution 
 
 
 
Figure 3.12 Coating of sample 
3.8.5 Spraying Tanker  
The spraying tanker was setup to simulate chloride solution spraying onto the surface of 
concrete in situ. As illustrated in Figure 3.13, a tank of 150×150×50 cm, with a lid to avoid 
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evaporation of solution and a baseboard to separate the concrete samples and NaCl solution, 
was driven by vacuum pump. A device spraying out solution in form of circle was placed in 
the middle of tanker. The used chloride source was an aqueous sodium chloride solution with 
1.0 M concentration.  
 
Figure 3.13 Setup of spraying tank 
3.9 Experimental Procedures (Phase II) 
3.9.1 Chloride Migration Penetration of Chlorides into Concrete  
Prior to the ECE procedure, the chloride penetration test was applied on the concrete samples 
to assess the accelerated chloride penetration into the concrete cover zone. The accelerated 
penetration test started on concrete sample at curing age of 28 days. For the chloride 
penetration test, an aqueous sodium chloride solution was placed into the pond container on 
the top of the sample. A piece of galvanised mesh was then placed into the pond container and 
connected to the negative terminal of a DC power supply. The reinforcing steel was connected to 
the positive terminal so that negative chloride ions could be driven towards it. The schematic 
procedure can be seen in Figure 3.14.  
 
The applied voltage and test duration was the same as those used in the NT Build 492 test (on 
the same concrete), to ensure the penetration of chloride didn’t reach the position of 
embedded steel. It must be noted that samples with w/c ratio of 0.55, the experimental 
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parameters were determined by the extrapolation of calculation. At the end of the chloride 
penetration period the used NaCl solution and galvanised mesh were discarded. The wires in 
contact with the solution were replaced as they had begun to corrode. The pond container was 
then filled with de-ionised water to ensure water curing condition for samples until requested. 
The concrete sample was grinded into layers (each 5 mm thick) from the top surface and 
powder samples collected for titration testing (section 3.6.1.4).  
 
Figure 3.14 Schematic for the chloride penetration test setup (Campbell, 2013) 
3.9.2 Electrochemical Chloride Extraction 
For the ECE procedure, saturated calcium hydroxide (similar as composition of pore solution 
in concrete) was selected as the anolyte and placed into the PVC pond.  The mesh and 
specimen reinforcement were connected to a power supply to make the reinforcement 
become cathodic. The setup of the test method was presented in Figure 3.15. The voltage 
which was required to obtain the required current density (1mA/m2, which relates to testing 
duration) was different for each mix. The required voltages were read when the required 
current density was met.  
 
Between the two ECE cycles there was a two-week break (buffer period for dissolving bound 
chlorides) before the start of the second cycle of ECE (Swamy and McHugh, 2006, Yeih et 
al., 2006). Two cycles of ECE were completed to investigate the effect of allowing Friedel’s 
salts to equilibrate and come into solution. During the ECE period the specimens were 
regularly checked every 24 hours. The pH of anolyte solution was monitored and replaced 
once below pH 7 (preventing the evolution of chloride gas). Evaporation of the anolyte 
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solution cannot be avoided despite the pond lids and consequently it was necessary to add 
solution into the ponds. Corrosion of the external anode was also inspected and it was 
replaced as required. In addition the voltage and current in the system were checked regularly 
and adjusted to the designed values when they changed away. In section 3.6.1.4, the profile 
grinding and potentimetric titration test were carried out to desalinated samples as did in the 
penetration test, and measure the acid-soluble and water-soluble chloride content of concrete.  
 
Figure 3.15  Diagram of desalination experiment (Campbell, 2013) 
3.9.3 Porosity test 
The MIP technique was used to measure the pore structure of concrete (section 1.6.2).  
3.9.4 Carbonation 
Specimens with and without ECE treatment for each mixture were prepared for the 
carbonation test. The test specimens were placed into a carbonation chamber with a 
controlled 4% concentration of CO2, temperature of 25oC, and relative humidity of 60% for 
10 weeks. After carbonation test, the specimens were split perpendicularly to the exposed 
surfaces and sprayed with phenolphthalein solution to determine the carbonation depth. For 
each sample, the average carbonation depth of four valid measurements (the measured 
position has no significant defect such as holes or blocked by aggregate)  was reported. 
3.9.5 Artificial Salt Solution Spray Test 
In reality, tidal, splash and spray zone was considered the most harmful exposure 
environments and classed as XS3 in the BS 8500-1 (2006). A test was carried out to simulate 
this spray condition for desalinated and coated concrete in the laboratory. The apparatus for 
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testing consisted of a closed tanker with a spraying device placing in the middle of the tank, a 
pump which provided the powder for the spraying solution, and 20 litre NaCl solution of 1.0 
mol/l concentration, as seen in Figure 3.16. When the pump was switch on, the solution was 
sprayed onto the surface of concrete samples those were placed around the tube, and changed 
position every week in order to avoiding the effect of different positions. The non-stopped 
spraying process lasted for 30 days, and the exposed solution was regularly monitored with 
its volume and concentration, and would be adjusted to the initial values if necessary during 
the test period.  
 
After the salt spraying test, concrete sample was dried and ground into layers (each layer of 2 
mm depth) from the top surface. The acid-soluble chloride content of concrete at each layer 
was measured from the titration test method until no chloride content was found in the layer. 
The results of the chloride profile over depth during the spraying test were obtained, and used 
to calculation the respective chloride diffusion coefficients and compared between different 
samples. 
 
Figure 3.16 Setup of spraying test  
3.10 New Method of Determining Chloride Diffusion Coefficient  
3.10.1 Current Calculation Method 
The calculation method for determining chloride diffusion coefficient on basis of the obtained 
chloride content profile over depth in BS EN 12390 (2011) was detailed in section 3.6.1.4. 
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However, the controversy of determined Cs from curve fitting analysis continues to be 
questioned widely, because the calculated Cs is not either the tested chloride concentration, 
or the real exposure chloride solution. Calculated Cs is varying greatly when the curve-fitting 
analysis is conducted by selecting different experimental data from the chloride content 
profile of concrete, which definitely has significant influence on the respective calculated 
chloride diffusion coefficient. As seen in Figure 3.17, selecting different testing points on 
chloride profile for the curve-fitting analysis method will result in different Cs and Da values. 
The calculated Da of concrete by fitting all points is about two times larger than that of value 
by discarding the first point, and the Cs in the former method is 0.27%, much lower than that 
of 0.37% in the latter method. Method of discarding the first two points leads more increase 
in the Cs but decrease in the Da value.  
 
Figure 3.17 Curve-fitting method for calculating Cs and Da 
At this standpoint, unless there is a broad agreement on how to determine Cs value, it is as 
much as a guesswork. Strong differences are always found between measured and fitted 
chloride profile in the surface cover zone, beyond this zone they are all quite close. First of 
all, the influence of aggregate size and ITZ is insignificant because the powder collection 
area of sample is much larger than aggregate size and ITZ. It is generally recognised the 
composition of the first few millimetres of concrete sample are different from the rest of the 
bulk concrete because of contact with formwork and segregation of aggregate near the 
surface during concrete casting (Andrade et al, 1995). It also reported ‘humps’ in the total 
chloride profiles typically derived from seawater exposure at a distance of 50% of the 
maximum aggregate size from the surface but didn’t explain why this is the case (Poulsen 
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and Mejlbro, 2006). The author have conducted immersion test for concrete samples those 
surface cover were cut and placed in 3% NaCl solution for 3 months, however, found the 
variability of Cs on the surface cover zone as well. It is probably attributed to the micro-
cracks that caused on the concrete surface as a result of cutting the samples using diamond 
saw during preparation for the test, which is proposed in research (Abu Hassan, 2012). The 
further research by author found that the chloride binding effect showed greatly different in 
this cover zone from the deeper matrix. The importance of the Cs on calculating chloride 
diffusion coefficient is obvious when the non-linear regression analysis method was used.  
 
As it be understood, generally, only “free chlorides” dissolved into pore solution can 
transport via concrete irrespective of diffusion under a concentration gradient, absorption due 
to a capillary suction or migration in an electrical field. Thus, the curve fitting analysis of free 
chlorides profile in pore solution over depth, to some extent, can really reflect the chloride 
diffusion coefficient of concrete. First of all, when the concrete sample was exposed to the 
external chloride environment, the chlorides from external solution diffuse into pore solution 
in concrete through open pore of concrete surface under the concentration gradient between 
two contact solutions. After a period of contact, free exchange between two contact solutions 
leads to chloride concentration equilibrium between two solutions. The chloride 
concentration in pore solution of surface concrete is regarded as the initial driving force for 
chloride diffusing forward into the deeper concrete. Timely exchange between two contact 
solutions provides the relative stable surface chloride concentration in pore solution of 
concrete, which is much more understandable and acceptable than the guessable calculation 
of Cs by curve fitting on total chloride profile. Secondly, the widespread application of ERFC 
models to simulate the chloride diffusion process was based on the assumption of the 
constant chloride surface content.  
 
However, in practice it is more difficult to measure chlorides concentration in pore solution 
rather than measurement of acid-soluble or water-soluble chlorides content by mass of 
concrete. The established equation between total chlorides or acid-soluble chlorides and “free 
chloride” concentration has brought insight to indirectly determine the free chlorides 
concentration in solution, making the possibility of obtaining free chlorides profile in solution 
over depth.  
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3.10.2 Calculation of “Free Chloride” in Pore Solution of Concrete 
Like the relationship established between the bound chlorides and the “free chlorides” in the 
paste in Chapter 4 (section 4.5.2), based on the experimental data, a relationship between the 
acid-soluble chlorides and “free chlorides” in pore solution of concrete was also developed. 
Take the cement paste (70PC30FA) at w/c ratio of 0.35 for example (Table 4.5), the 
relationship is clearly non-linear and the “best-fit” non-linear establishment is developed as 
following: 
29.027.10 ft CC =                                                                                                            Equation 3-8 
 
where, Ct is acid-soluble chloride content, % by mass of paste; Cf is chloride concentration in 
pore solution, mol/l. Therefore, the free chloride concentrations in pore solution over depth 
were calculated, and both profiles were illustrated in Figure 3.18. The same distribution of 
chloride ions in concrete was found between acid-soluble and calculated “free chlorides” 
because the free chloride content was derived from the total chloride content. However, the 
free chlorides profile curve decreased much quicker than total chlorides profile curve when 
they went beyond the peak point, reflecting the free chloride concentration in pore solution 
performed different behaviour from that of total chloride content in concrete.   
 
Figure 3.18 Comparison of total and free chlorides profile in concrete 
3.10.3 Determination of Chloride Coefficient Based on Error Function 
The transport mechanism of free chloride in pore solution under concentration gradient is 
related to the Fick’s second law. It is assumed that the free chloride concentration in pore 
solution of concrete at surface depth remains relative stable as that of the external solution, 
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due to timely exchange between the external and pore solution in concrete surface under 
contact. Therefore, the chloride content at any depth can be expressed in Equation 3-9.  








=
tD
x
erfcCC
nss
sx 4
                                                                                                   Equation 3-9 
 
where, Cx is the calculated free chloride concentration in pore solution, mol/l; Cs is the 
surface chloride content that equals to the contact chloride solution, mol/l; Dnss is the non-
steady state diffusion coefficient calculated by regression analysis, 10-12m2/s; x is the 
concrete depth, m; and t is the test duration, seconds.  
 
As free chloride profile of 70PC30FA concrete illustrated in Figure 3.19, the calculated free 
chloride content profile was plotted (star points). Here, the first collected data point was 
discarded because of two reasons. The first one is about the calculation method, which 
determines the free chloride concentration based on the relationship between the acid-soluble 
and free chloride. In practice, the relationship between acid-soluble and free chloride content 
is different at the surface zone and the deeper bulk matrix. However, it is still unclear about 
such difference and no published reports can be referred. In this example, the method of 
determination of free chloride content for the bulk matrix is also used for the surface zone. 
The second reason is about the diffusion mechanism under which chloride diffuse in porous 
concrete. Chloride diffusion process is undertaken under the gradient of chloride 
concentration. The first calculated data point with much lower than that of the closer points in 
deeper depth represented the chloride ions should diffuse back to the environment rather than 
forward into concrete. As a result, the first collected point was discarded and the known Cs 
was taken as the first point for the regression analysis of the chloride profile.  
 
For Equation 3-9, only Dnss is the unknown parameter that will be calculated by the best 
curve fitting analysis, with known Cs of 0.53 mol/l (3% NaCl solution), t = 90 days, and Cx at 
each depth. The calculated Da value is 2.2×10-13m2/s, much lower than calculated value from 
the acid-soluble chloride profile.  
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Figure 3.19 “Best-fit-curve” analysis of free chloride profile with known surface chloride content 
3.10.4 Determination of Diffusion Coefficient Based on Chloride Ingress Depth 
For concrete of high chloride resistance or with surface treatment, the depth of penetrated 
chloride was limited during the short-term spraying test period in this study. The data points 
obtained from experiment were insufficient for regression analysis to calculate the chloride 
diffusion coefficient, which required at least 4 points to meet the accuracy of calculation. 
According to the solution of Fick’s second law, the ions diffusion coefficient also can be 
expressed by the penetration depth during certain test period. Theoretically, the penetration 
depth (xd) is defined as the depth from sample surface to the “zero point” (point where 
chloride content is zero), where is C(xd) = 0. In practise, however, the tested chloride content 
below certain value is considered as zero chloride content because of the precision of 
experimental machine. As seen in Figure 3.20, tested values below the reference dash line 
(initial chloride content in concrete) are considered to be no chloride ions so, the penetration 
depth is the cross point of the dash line and chloride profile curve.  
 
For Equation 3-9, if C(x) = 0, the complement error function on the right side, erfc(x), is zero. 
Practically, C(x)/Cs = 1.0% is assumed as the point for penetration depth under consideration 
of the precision of test method. Following the results from complement error function table in 
Appendix Table B.5, where erfc (1.82) =0.01, thus Dnss can be expressed as following: 
t
xD dnss 25.13
2
=
                                                                                                          Equation 3-10 
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Figure 3.20 Schematic of determination of chloride penetration depth of concrete 
3.11 Service Life Prediction Model 
3.11.1 Selection of Prediction Service Life Model 
Models are valuable to engineers in determining the expected service life of reinforced 
concrete structures or the extended service life of repaired structures. Chlorides transport via 
concrete, in the form of diffusion, is considered as the dominant process in this study. The 
initiation period has been generally regarded to be longer than the subsequent propagation 
period. This was supported by Maage et al (1995) who proposed that service life of concrete 
structure should take as the time when corrosion initiation of embedded steel commences. 
Nillson  (2009) stated that existing models are mainly attempting to predict in two ways: (i) 
to gain the chloride profile, or (ii) to obtain the chloride content at the depth of reinforcement 
after a certain exposure time, and then compared it to a critical chloride threshold level to 
identify whether the corrosion of steel initiates. The latter attempting way is selected for uses 
in this study.  
 
Several models have been reviewed and divided into groups based on their different 
principles and considerations of the inputs. ERFC models are easily understood and simply 
described as the analysis formula, which are the attractive aspects win widely application. 
However, they are invalid to consider the time-dependent influence of surface chloride 
content, which is a build-up process with time when concrete is exposed to marine 
environment. Although Nillson (2000) had proposed the “false ERFC model” with 
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consideration of the time-dependent Cs(t), it has the lack of mathematical correctness. 
Additionally, these models cannot be used to predict the remaining service life of old 
concrete structures which have already been penetrated by chloride or completed with certain 
maintenance treatment. The PΨ  model can overcome the problem of not taking account of 
the Cs(t), however, it still has the disadvantage of application in the old or repaired concrete 
structure.  
 
Numerical models not only consider the time-dependent parameters of Da(t) and Cs(t), but the 
chloride binding effect and the chloride contaminated or maintenance concrete structure. The 
descriptions of the reviewed models were detailed in Table 3.8, including their input 
parameters and applied type of concrete structure.  
Table 3.8 Description of service life prediction model 
Model Type 
Chloride 
Diffusion 
Coefficient 
Surface 
Chloride 
Content 
Chloride 
Binding 
Capacity 
Concrete 
Structure References 
  D D(t) CS CS(t)   New Old   
ERFC 
√ × √ × × √ × Collepardi et al., (1972) 
√ √ √ × × √ × Takewaka and Matsumoto, (1988) 
√ √ √ × × √ × Tang and Lars-olof, (1992) 
√ √ √ × × √ × Maage et al., (1995) 
√ √ √ √ × √ × Lars-olof, (2000) 
√ √ √ × × √ × Tang and Gulikers, (2007) 
 
  
√ √ √ √ × √ × Mejlbro and Poulsen, (1996) 
Numerical 
√ √ √ √ × √ × Bentz and Thomas, (1999) 
√ √ √ √ √ √ × Martin-Perez et al., (2000) 
√ √ √ √ × √ × Petre-Lazar,(2000) 
√ √ √ √ × √ × Bamforth, (2004) 
√ √ √ √ × √ √ [Selected Model] 
Probabilistic √ √ √ × × √ × FIB, (2006) 
 
According to the comparison of models, the numerical model was the best selection for 
studying the influence of ECE and coating treatment to extend the service life of concrete. 
Although the reported numerical models were not suitable for the application on the chloride 
contaminated and repaired concrete structure, the necessary adjustment of the initial-value 
and the boundary-value was undertaken in the numerical model to satisfy the requirement of 
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the project. For example, after ECE process on the chloride contaminated concrete, the 
remaining chloride content in concrete was used as the initial-value when the numerical 
model was used to predict the remaining service life of the desalinated concrete. The selected 
model in the study is a numerical model, which takes account of the time-dependent Da(t) and 
Cs(t) and can be used for both new and old concrete structure. 
3.11.2 Determination of Input Parameter in the Numerical Model 
Based on service life prediction model, four input parameters are required to determine the 
time to corrosion initiation. They are defined as: (i) the apparent diffusion coefficient (Da); 
(ii) surface chloride concentration (Cs); (iii) the ageing factor (n); and (iv) the critical chloride 
threshold level (Ccrit).  
Table 3.9 Predicted service life of concrete in the numerical model 
Ageing  
Factor 
Predicted Service Life, years 
Cs-1 Cs-2 Cs-3 
   
Da-1 Da-2 Da-3 Da-1 Da-2 Da-3 Da-1 Da-2 Da-3 
n = 0 1.3 2.6 6.3 4.5 6.5 11.1 6.4 8.8 14.6 
n = -0.2 1.9 4.5 14.1 6.8 10.8 21.8 9.7 14.7 27.8 
n = -0.4 3.4 10.7 48.2 12.2 23.0 68.9 17.4 30.8 80.9 
n = -0.6 8.9 46.1 221.4 32.6 98.2 264.2 45.2 120.8 279.2 
 
The four input parameters were analysed separately to evaluate their influences on predicting 
extended service life. The initial research included three different Da values, four different 
ageing factors and three types of Cs condition, and summary of service life was outlined in 
Table 3.9. The selection of ageing factor was 0, -0.2, -0.4 and -0.6 with values generally 
covering the reported ageing factors in the previous reviews (Andrade et al., 2011, Bamforth, 
2004). The condition of surface chloride content was simply divided into three 
classifications: Cs-1 presented the constant surface chloride content with time; Cs-2 displayed 
the linear accumulation of chloride content at first 10 years and after then kept constant; and 
Cs-3 demonstrated 20-year period of accumulation to the maximum Cs value. Chloride 
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diffusion coefficients are selected as 10, 5 and 2×10-12m2/s for Da-1, Da-2 and Da-3, 
respectively. 
3.11.2.1 Input parameter: Da 
Chloride diffusion coefficient is an important parameter, which describes the ability of 
chloride ion penetrating through concrete, for predicting service life of concrete structure. 
Usually, the nonlinear regression analysis method is used to determine Da based on chloride 
content profile in real sample, where Da is a constant average value during the period of 
exposure. However, this method is very time consuming and laborious, therefore alternative 
rapid test methods that should be calibrated against the chloride profiling method are always 
recommended in practise.  
 
As seen in Table 3.9, the service period of concrete is different when its Da value changes 
from 2 to 10 ×10-12m2/s. The relevant change of service life of concrete with different Da is 
more when the ageing factor goes from 0 to -0.6 and Cs classification changes from Cs-3 to 
Cs-1. When Da reduces from 10 to 2×10-12m2/s, the service duration will increase by 25 times 
for concrete with ageing factor of -0.6 under Cs-1 condition, however, only increase by 2.3 
times for concrete with zero ageing factor under Cs-3 condition.  
 
From the chloride diffusion coefficient results in the section 5.5.1.3, they differed greatly in 
the magnitude of Da by determined from different calculation methods. To date, the 
calculation methods of Da are still being questioned, and no one single method is accepted 
widely. Subsequently, comparison of service life of different samples is only valid when the 
selected Da values are derived from the same calculation method.  
3.11.2.2 Input parameter: Cs 
The surface chloride content of concrete is a time-dependent factor, illustrated in many 
different ways (De Rincon et al., 2004). Under the chloride transport mechanism of diffusion, 
the Cs provides the primarily driving force for chloride ions diffusing forward during 
exposure time. Therefore, correctly valuating Cs is of importance to gain the precise 
prediction of service life. In the model, a simply expression of Cs(t) is consisting of a 
maximum surface chloride concentration, Cs (a level of 1.0% by weight of cement referred 
from Life-365 (Ehlen, 2012)), and the time taken to reach that maximum, tmax, in Figure 3.21. 
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Figure 3.21 Build-up of concrete surface chloride content 
The Calculation of service life, of concrete under different Cs conditions, states that the build-
up of Cs during certain period can increase the service life rather than under constant Cs, and 
the longer the build-up period, the longer the service life is. This effect is becoming more 
pronounced when the Da value of concrete decreases. For example, changing Cs condition 
from Cs-1 to Cs-3 will increase service life by 3.5 times (for concrete with 10×10-12m2/s Da 
value), but only by 1.8 times for concrete with 2.0×10-12m2/s. However, there is a weak 
relation to the ageing factor of concrete.  
3.11.2.3 Input parameter: Ccrit 
The time of the initiation corrosion of embedded steel is usually regarded as the service life 
of concrete structure in model prediction because such time in much longer than that of 
propagation period. As seen in Figure 2.1, the end of the initiation corrosion is when the 
accumulated chloride content surrounding embedded steel exceeds value of the critical 
chloride threshold.  In this study, the depth of embedded steel reinforcement is specified as 
50 mm (a typical concrete cover in field reinforcement concrete structure (BS 8500)). The 
specific base rate of critical chloride threshold value is taken as 0.07%, by weight of concrete, 
from the reference numerical model (Bamforth, 2004). Therefore, based on the predicted 
chloride profile over depth, with time increasing, when the moment of C(xd, t) is equal to the 
Ccrit, the t is the calculated service life.  
3.11.2.4 Input parameter: n 
The phenomena of decreased chloride ingress with time in concrete, which is mainly 
attributed to the continued reactions of cement paste and named ageing factor (n). However, 
Chapter Three 
97 
 
the ageing factor also reduces over time. For example, it is assumed to be only valid up to 25 years in 
Lifer 365 model (Ehlen, 2012), and the author thinks the ageing effect is insignificant after 10 years 
exposure in Bamforth (2004) research. The ageing factor influencing the predicted service life of 
concrete is of importance. However, the published results of ageing factor are highly variable 
(Andrade et al., 2011, Stanish and Thomas, 2003). In order to the theoretical study of ageing 
factor affecting the predicted results, the selected ageing factors ranged from 0, -0.2, -0.4, to -
0.6 in the study. For concrete with high diffusion coefficient, such as 10×10-12m2/s, the 
resulting service life increased by 7 times when the input ageing factor changed from 0 to -
0.6. When the chloride resistance of concrete improved, the differences between ageing 
factors became significantly. For example of concrete with 2×10-12m2/s at age of 28 days, 35 
times difference was found between input ageing factor of 0 and -0.6, when they were 
supposed under the Cs-1 exposure condition.  
 
Additionally, the remaining chloride content in the desalinated concrete played an important 
role in predicting service life of concrete. In the model study, the remaining chloride content 
over depth was described as the chloride content profile over depth, which was the obtained 
chloride profile of the desalinated concrete.   
3.12 Summary 
This chapter allows for the following findings to be summarised, 
i. A holistic research programme has been developed, consisting of two Phases. 
ii. Material selection is about formulating cement combinations to both Phases, and 
taking 100PC concrete as reference. 
iii. A test programme of Phase I has been developed to assess the chloride resistance and 
subsequent durability performance of concretes consisting of different cement 
combinations. 
iv. Another test programme of Phase II is processed to investigate the effectiveness of 
ECE on chloride contaminated reinforcement structure, and the influence of ECE and 
coating protection approach on the chloride re-ingress behaviour of desalinated 
concrete.  
v. A numerical model was developed for the prediction of service life of concrete 
sample after different repair techniques subjected to chloride attack. 
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4 Chapter IV. Results, Analysis and Discussions of 
Designed Concrete on Minimising Chloride Attack 
4.1 Introduction 
The Phase I of the project was mainly to assess the influence of constituent cements and w/c 
ratio on minimising chloride ingress. As reviews stated, the incorporation of constituent 
cements mainly brought benefits on refining the micro-pore structure and increasing chloride 
binding capacity of concrete. In addition, lowering w/c ratio brought further benefits on 
increasing chloride resistance of concrete. Therefore, combination of adding constituent 
cements and lowering w/c ratio can give comprehensive benefits on improving chloride 
resistance of concrete structures.  
 
Firstly, the influence of incorporation of constituent cements on compressive strength 
development was carried out because the mechanical property of strength is one of the most 
important controlling parameter for the use of concrete. Secondly, the accurate evaluation of 
chloride resistance of concrete was carried out. Current standard test methods measured the 
steady state and non-steady state chloride diffusion/migration coefficients of concrete. The 
former generally regarded the transport of chloride ions related to the pore structure of 
concrete while the latter was related to both pore characteristics and chloride binding 
property of concrete. Four current standard test methods were selected to comprehensively 
reflect behaviour of the chloride ions transporting through concrete in this study.  
 
Thirdly, the enhancements on pore structure and chloride binding capacity were evaluated 
separately, and their influences on benefiting chloride resistance of concrete were also 
analysed with combination to the different constituent cements and w/c ratios. Finally, 
chloride resistance of concretes with different cement combinations were assessed on a given 
compressive strength grade and were ranked in order.  
4.2 Cube Compressive Strength Development of Concrete 
Compressive strength of concrete is commonly regarded as the most valuable property, 
exhibiting an overall picture of the quality of concrete. The investigation of this study 
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involved the comparison of strength development between 100PC concrete and those with 
blended binary and ternary constituent cements at 3 w/c ratio and 2 cement content levels. All 
strength values have been presented separately in Appendix C, Table C.1 and C.2 for 
concrete with cement content of 400 kg/m3 and 475 kg/m3, respectively. The rate of gained 
strength of different cement combination concretes was expressed to the percentage of that of 
100PC concrete at corresponding testing age and w/c ratio. 
4.2.1 Compressive Strength Development of Binary Cement Combination Concrete 
Comparison of strengths between binary cement combinations concrete and pure PC concrete 
of 400 kg/m3 cement content at w/c ratio of 0.40 is illustrated in Figure 4.1. The 30% direct 
replacement of PC by FA demonstrated strengths reduction in comparison with 100PC 
concrete. These trends in results were observed irrespective of cement content, w/c ratio or 
curing age from 3 to 120 days under water curing condition. At the age of 28 days, the 
compressive strength of 70PC30FA binary concrete developed as high as 72% to 79% of the 
100PC concrete across all w/c ratios. In Figure 4.1, it was noticed with faster development of 
strengths (steeper slope of strength developing line) in FA binary concrete than that in 100PC 
concrete after 7 days, although those strengths of 70PC30FA concrete were still less than 
those of 100PC concrete during test ages.  
 
Figure 4.1 Strength development of 100PC and binary combination concretes with cement content of 
400 kg/m3 at w/c of 0.40 
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Figure 4.2 Strength development rate of concrete with cement content of 400 kg/m3 across three w/c 
ratios (a) 100PC, (b) 70PC/30FA, (c) 50PC/50GGBS 
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The behaviour of strength development was observed similar across w/c ratio from 0.35 to 
0.45 for the same cement combinations as shown in Figure 4.2 (b), however, displayed 
differently from various cement combinations types. For FA binary concrete, low obtained 
strengths and rate of strength development at early age was attributed to the dilution effect of 
PC content, of which 30% PC was replaced by FA cement. Because FA cannot react with 
water, in other words, the partial replacement of PC by FA reduces the degree of total cement 
hydration, - The more FA content was included, the lower initial strength concrete gained. 
The results have been previously published in details in literature as given in Chapter 2 (Elahi 
et al., 2010, Sahmaran et al., 2009, Bai et al., 2003). At later age, however, FA 
cementenhanced the strength development, where pozzolanic reaction occurred between FA 
(alumina-silicate phase) and Ca(OH)2 liberated during hydration of  PC. Observation in 
Figure 4.1 presented the increasing rate of strength development after 7 days, which probably 
exhibit the beginning of the pozzolanic reaction.  
 
The similar trends took place in direct 50% replacement of PC by GGBS, however, 
50PC/50GGBS concrete displayed better performance on strength development compared to 
70PC/30FA concrete. The 28-days compressive strength of 50PC/50GGS binary concretes 
gained 86% of 100PC concrete at w/c ratio of 0.4, in Figure 4.1. Although with low initial 
strength, the increase in strength of concrete blended with GGBS was faster than that of 
100PC concrete during every single age after 3 days. The reduction in initial strength was 
mainly due to the dilution effect of PC content of this material. However, 50PC50GGBS 
concrete resulted in higher compressive strength than those of 70PC30FA because of 
different behaviours between FA and GGBS on pozzolanic reaction.-. Unlike requiring high 
pH environment of FA, pozzolanic reaction started almost immediately when GGBS was 
mixed with water, which was specified from the higher rate of strength development from 3 
days. The consumption of liberated Ca(OH)2 from PC hydration by GGBS generated more 
stable C-S-H compounds at early age which,  provided an overall denser microstructure in 
GGBS inclusion concrete.  
 
Figure 4.2 presented the rate of strength development within various w/c ratios for PC and 
binary cement combinations concretes. The finding demonstrated that at very low w/c ratio, 
ranging from 0.35 to 0.45, the rate of strength development in all studied mixes had not been 
significantly affected. The rate of strength development after 28 days was observed 
insignificantly in 100PC concretes, while that was still substantially increasing in both FA 
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and GGBS binary concretes. The hydration of PC cement has completed over 50% (a 
scanning electron microscope point-counting technique) at the age of 28 day, and the 
continued hydration was slow in long term. However, the pozzolanic reactions between 
pozzolan and liberated Ca(OH)2 continues even after 28 days, which also increased the 
hydration of PC (Feng et al., 2004). 
 
Although low strength gained in binary concrete compared to that in 100PC concrete up to 
120 day’s curing, the lowest specified strength of concrete at age of 28 days is 72% 
(70PC30FA) and 86% (50PC50GGBS) of the corresponding reference 100PC concrete at w/c 
ratio of 0.40. 
4.2.2 Compressive Strength Development of Ternary Cement Combination Concretes 
Thus far, this research has presented that the use of binary blended cement combinations can 
successfully tailor specific concrete compressive strength characteristics, typically for the 
long-term strength development. When they were blended into ternary cement combinations, 
the behaviour of the resulting concrete in terms of strength development was complicated to 
predict. It has been commonly reported that SF and MK, with extremely fine particles and 
high reactivity, increased early age strength of concrete. LS with fine particles also provided 
an improvement in particle compaction, but few reactivity (contains less reactive solid 
phases), caused uncertain influence on the strength development. The behaviour of the 
concrete with blended cements was highly dependent of cement type, mix proportion and 
cement contents. The results of the study were illustrated in Figure 4.3 (a) and (b). 
 
The addition of the third cement, LS, SF or MK, into the preceding binary cement 
combinations concrete (70PC30FA and 50PC50GGBS) resulted in different compressive 
strength development depending on cement combinations type. In comparison with 
70PC30FA concrete, blended third cement of SF (10% addition) or MK (15% addition or 
replacement) in binary concrete, enhanced the strength development, where 70PC30FA10SF 
concrete performed much better on strength development than that of 55PC30FA15MK and 
70PC30FA15MK concrete. However, the effect of LS was negative on attaining compressive 
strength within both FA and GGBS based binary concretes. The results demonstrated that 
included MK as replacement form in ternary concretes reduced the compressive strength 
development compared to that of GGBS binary concrete, although the reduction was 
insignificant. 
Chapter Four 
103 
 
 
Figure 4.3 Strength development rate of concrete with cement content of 400 kg/m3 at w/c ratio of 
0.40, (a) FA based concrete; (b) GGBS based concrete 
For FA and GGBS based concrete, generally, the incorporation of SF or MK cement caused 
an increase while LS induced a decrease of strengths across all test ages when assessed for 
the single w/c ratio of 0.4, typically in early age before 28 curing days, seen in Figure 4.3 (a) 
and (b). Incorporation of SF as third addition performed the most improvement, at least 23% 
increase, compared to the FA binary concrete. Addition of MK as third cement improved the 
strength development as well, resulting in between 10% to 20% enhancement. The high 
reactive SF and MK reacted with Ca(OH)2 to produce more C-S-H product and hence 
increased the strength development. Especially the increase of the strength at early age 
compensated the loss of strength due to the dilution effect of FA replacement. The 15% 
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replacement of PC by MK cement led minor increase at early age, with only 3% 
improvement, however, finally obtained 13% increase at 28 day. The further 15% reduction 
of the content of PC by MK decreased the reactant (Ca(OH)2) but increased the reactive 
aluminosilica phase for secondary pozzolanic reaction (referred from composition of MK and 
PC in Table 3.2 and chemical properties of MK), conversely retarded the formation of C-S-H. 
In contrast, the incorporation of LS cement as the ternary material with FA at a 10% addition 
level was found to cause about 11% to 23% reduction in compressive strength before 28 
days. However, blended MK cement as third addition in 15% replacement form in GGBS 
based concretes conversely resulted in 10% reduction of the strength at age of 120 days 
across three w/c ratios, seen in Figure 4.3 (b), mainly due to the insufficient content of PC. 
Similarly, PC/GGBS/LS mix resulted in strength reduction by 11% to 19% at w/c ratio of 
0.4, compared to the GGBS binary concrete. 
4.2.3 Influence of Cement Content on Strength Development of Concretes 
The optimisation of used cement content is significant for investment cost and environment. 
This section was carried out to compare the different behaviour of total cement content of 
400 kg/m3 and 475 kg/m3 within concrete on the compressive strength development. The 
influence factor, expressed by the ratio of strength value of concrete with 475 kg/m3 cement 
content to that of 400 kg/m3 cement content, was outlined in Table 4.1. 
 
Based on the compressive strength test method (BS EN 12390-3, 2002), the precision data for 
measurements of the compressive strength of hardened concrete ( 100 mm cubes) is of the 
repeatability and reproducibility value 9.0% and 15.1%, respectively. Based on collected data 
in Table 4.1, normal distribution analysis showed there was no significant difference on 
compressive strength values between two levels of cement content from the , with mean 
value of 0.99 and variance of 0.06. Most differences of compressive strength were concerned 
on concrete at early age, including 23% and 17% reduction in 40PC50GGBS10LS concrete 
of 0.40 w/c ratio at age of 3 and 7 days, 14% reduction and 14% increase in 60PC30FA10LS 
concrete of 0.45 w/c ratio at age of 3 and 7 days, and 11% increase in 50PC50GGBS concrete 
of 0.35 w/c ratio at age of 3 days. Data analysis on 28-day, with mean value of 1.00 and 
standard deviation of 0.05, also indicated there was no significant difference of compressive 
strength between the two cement content levels.  
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On the basis of the preceding statements, the concrete made with 475 kg/m3 cement did not 
bring benefits on the compressive strength development compared to that of 400 kg/m3. The 
strength was dominated by the effects of cement paste in the former condition, while reduced 
due to uncompleted compaction of aggregate.  
Table 4.1 Ratio value for concrete compressive strength 
Combination Type, % 
Ratio Value [f(475kg/m3)/f(400kg/m3)] 
3 days 7 days 28 days 120 days 
0.35 w/c ratio 
100PC 1.07 1.08 1.02 1.01 
70PC30FA 1.03 1.04 1.03 1.01 
50PC50GGBS 1.11 1.03 1.01 1.01 
30FA10LS 0.97 0.9 0.93 0.93 
50GGBS10LS 0.94 0.97 1.02 0.99 
30FA15MK# 0.95 0.94 0.96 0.95 
30FA15MK* 1.00 0.95 0.95 0.95 
0.40 w/c ratio 
100PC 0.92 1.00 1.04 1.02 
70PC30FA 0.97 1.07 1.09 1.03 
50PC50GGBS 1.00 1.02 1.04 0.99 
30FA10LS 1.04 0.95 1.03 0.96 
50GGBS10LS 0.77 0.83 0.94 1.02 
0.45 w/c ratio 
100PC 0.91 0.95 0.98 1.01 
70PC30FA 0.96 1.05 1.03 1.03 
50PC50GGBS 0.93 0.88 0.9 1.00 
30FA10LS 0.86 1.14 1.03 0.98 
50GGBS10LS 1.07 1.09 0.98 0.98 
30FA15MK# 0.96 1.08 1.01 1.04 
30FA15MK* 1.05 1.05 1.01 1.07 
 Normal distribution analysis (total data); mean: 0.99, standard deviation: 0.06 
  #
 15% addition of MK; * 15% replacement of 100 PC by MK 
4.3 Results of Chloride Test Methods 
4.3.1 Experimental Results 
The results of chloride diffusion coefficient for 100PC, binary and ternary concrete measured 
by rapid chloride permeability test (Method A), rapid chloride migration test (Method B), 
natural immersion test (Method C) and multi-regime test (Method D) in this research were 
given in Appendix C, where Table C.3 for those cement content 400kg/m3 while Table C.4 
for those of 475kg/m3.  
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4.3.2 Correlation of Diffusion/Migration Coefficient between Test Methods 
Evaluation of correlations between test methods provided estimation of confidence in their 
application to assess the chloride ingress property of concrete. A statistical analysis technique 
was used to determine whether pairs of measurements in different test methods were related. 
The main determined parameters in this research were the correlation coefficient (r) and the 
coefficients of determination (r2). The value of r varies from +1 to -1 whereby the closer r is 
to +1 (positive relationship)/-1 (negative relationship) exhibits a stronger relationship 
between two pairs. It is found that existing relationship between two pairs of variable in 
different units can be guaranteed when the correlation coefficient is greater or equal to 0.8 
(Salkind, 2010). 
 
In order to eliminate various variable factors, the correlation research of samples was taken 
place on the same sample at the same curing age. In the study, three selected chloride test 
methods (Method A, B and C) were taken into consideration for evaluating the relationship 
between each other based on experimental data from all concrete samples. The positive 
relationship have been observed in all cases, however, the results of correlation coefficient 
and determination coefficient vary significantly depending on the pair compared. The results 
of correlation between test methods were summarised in Table 4.2. 
Table 4.2 Correlation between chloride test methods 
Comparison Type Number of Samples 
Pearson's Correlation 
Coefficient ( r) 
Coefficient of 
Determination (r2), % 
Binary and ternary cement combination concretes 
Method A and B 45 0.95 0.9 
Method A and C 25 0.22 0.05 
Method B and C 29 0.54 0.29 
100 PC concretes 
Method A and B 10 0.96 0.92 
Method A Rapid Chloride Permeability Test 
Method B Rapid Chloride Migration Test 
Method C Multi-Regime Test 
Method D Natural Diffusion Cell Test 
 
For the two electrically accelerated test methods, Method A and Method B, the correlation 
coefficient was calculated as 0.95 based on total 45 experimental samples. The strong 
Pearson’s correlation coefficient demonstrated that both test methods possessed a linear 
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relationship to each other. The coefficient of determination (r2) was 90%. The value 
explained that at least 90% of the total variation in one method can be determined by the 
linear relationship between Method A and B, with a maximum of 10% of the total variation 
unexplained. Therefore, it was concluded that both electrically accelerated test methods were 
well interrelated in their observations of chloride penetration of concrete. In both test 
methods, chloride ingress was driven by the acceleration of applied external power field for 
short time duration.  
 
Contrast to the strong relationship within electrically accelerated test methods, the correlation 
between electrically and naturally test method was expected to be weak. When comparing 
chloride measurements between Method B and C, results of the correlation coefficient and 
determination coefficient were determined to 0.54 and 29%, respectively, where indicated 
71% of unexplained difference. With 25 pairs of data between Method A and Method C, it 
was found unnoticeable correlation, with correlation coefficient of 0.22 and coefficient of 
determination of 5%, where just 5% of the total variation can be explained by the linear 
relationship. A theoretical reasoning for substantial differences in these two measurements 
maybe related to, test duration and chloride binding effect. The apparent chloride diffusion 
coefficient measured from Method C was the average of the values during test period of 90 
days, while these measurements form Method A or B were obtained in very short time, 
varying from 6 hours to 2 days. Chlorides bound physically and chemically with hydration 
products, resulting in the refinement of pore structure, also had the effect of reducing the flow 
of chlorides.  
4.3.3 Correlation between Compressive Strength and Chloride Migration Coefficient 
It is formulated in BS 8500 (2006) that the control parameters for durability in chloride 
exposure environment are the water-cement ratio and the minimum cement content. On this 
point of view, compressive strength is considered mainly as the mechanical property for 
structural integrity and does not affect durability significantly. However, this is continually 
being challenged by some researchers. Concrete compressive strength is substantially related 
to the number, type, size and distribution of pores present in the hydrated cement paste, 
which possibly provide information into overall concrete quality. It is necessary to evaluate 
the relationship between strength grade and concrete chloride ingress resistance. Therefore, 
the section discussed the application of compressive strength as an estimator of the chloride 
ingress properties of concrete. Data from the NT Build 492 test were selected in undertaking 
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the research because this test has completed on all mixes and has high repeatability and 
reproducibility (Table 3.6). 
 
The relationship between strength and chloride migration coefficient of concrete, irrespective 
of w/c ratio and testing age, were presented in Figures 4.4 (a) and (b). Establishing 
statistically the degree of association between concrete chloride ingress resistance and 
strength, linear regression analysis was applied and coefficients of correlation were 
determined, in Table 4.3. 
 
Figure 4.4 Relationship between compressive strength and chloride diffusion coefficient, (a) 100PC 
and binary concrete, (b) ternary concrete 
As compressive strength increased irrespective of w/c ratios, in turn, the chloride migration 
coefficient of concrete decreased. Noticeably, the strong linear correlation was observed in 
100PC and 70PC30FA concrete with determination coefficient of 96% and 99%, as shown in 
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Table 4.3. It indicated that compressive strength can be properly used to estimate the chloride 
ingress resistance of same cement combinations concrete. For 50PC50GGBS concrete, 
however, linear regression of these data showed weak relationship between each variable. 
Additionally, the data points scatter greatly for ternary concrete (PC/FA/LS, PC/FA/SF, 
PC/FA/SF; PC/GGBS/LS), as seen in Figure 4.4 (b), displaying weak correlation because of 
different cement combinations. Although weak correlation was noticed in ternary concretes (r 
< 0.8), these regressions did represent the underlying trend in data.  
 Table 4.3  Correlation comparison between compressive strength and diffusion coefficient 
Comparison Type Number of Samples Pearson’s Correlation Coefficient (r) 
Coefficient of Determination 
(r2), % 
100 PC concrete 
100PC 10 0.98 96 
Binary concretes 
70PC30FA 6 1.00 99 
50PC50GGBS 9 0.66 44 
Ternary concretes 
FA based mix 30 0.73 53 
GGBS based mix 12 0.74 53 
4.4 Microstructure of Cement Paste 
Hardened concrete is commonly regarded as composition of three phases: aggregate, 
hardened cement paste and ITZ between aggregate and hardened cement paste. Among those 
phases, the influence of aggregate, which is considered as properties of extremely high 
strength and impermeable material, on the strength development and permeability of concrete 
is ignored. ITZ, which is generally regarded as the weakest link because of its higher porosity 
and micro-crack propagation compared to the paste structure matrix, governs the strength and 
permeability of concrete. Nevertheless, voids in the cement paste are filled with air, liquid, or 
other strengthless material, where is vulnerable to crack under load and access of substances 
by permeability.  
 
Microstructure of the ITZ and bulk paste matrix is greatly interrelated. Currently, the 
individual contribution of each one with respect to permeability or strength remains 
uncertain. However, the research on the pore structure of hardened cement paste, where 
eliminates the influence of ITZ, is much easier and more precise. Subsequently, the 
evaluation of influence of purely pore characteristics of cement paste on the overall chloride 
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resistance of concrete (same cement mix proportion, w/c ratio and curing age) can bring 
insights into further studies, although the difference of pore structure between cement paste 
and concrete is uncertain. The following sections were carried out to analyse the 
characteristics of pore structure of hardened cement paste, which had the same proportion by 
only removing the parts of aggregate from the concrete mix proportion.  
 
In practise, MIP is widely used to measure the characteristics of pore structure because of its 
comparative simplicity and speed of determination. Many reports criticised the uncertainties 
and erroneous results generated by the weakness of the test method, in terms of 
overestimation of the fine pore volume by ink bottle effect. Nevertheless there is an 
agreement in the proposition that interpretation of MIP is still a good technique in 
comparison of similar pore structure across different w/c ratio, different testing age or cement 
combinations (Wild, 2001, Diamond, 2000). In this research, the technique of MIP was 
applied to characterise the pore structure development of hardened cement paste with respect 
to cement combinations, w/c ratio and curing age. The total porosity, critical pore diameter 
and pore size distribution were determined from the technique.  
4.4.1 Total Porosity of Hardened Cement Paste 
Total porosity of the paste samples from age of 3, 7, 28 to 90 curing days across three w/c 
ratios for 100PC and two binary cement combinations pastes were illustrated in Figure 4.5. 
The results of total porosity for binary and ternary cement combinations pastes were outlined 
in Appendix C, Table C.5 and C.6.  
4.4.1.1 Binary Cement Combinations Paste 
Relationship between porosity and log(t) was detailed in Figure 4.5. The 100PC paste 
performed great reduction in porosity up to 28 days but insignificant drop after 28 days. It 
was noticed that about 45% reduction in porosity was found in 100PC paste at 0.45 w/c ratio 
up to 28 days when compared to 1-day porosity, while only 5% reduction was observed in 
period from 28 to 90 days. Compared to 100PC cement paste, binary cement combination 
paste blended with 30% FA or 50% GGBS exhibited higher initial total porosity across three 
w/c ratios, where 50PC50GGBS pastes behaved more pore volumes than that of 70PC30FA 
pastes. At w/c ratio of 0.40, for example, GGBS inclusion caused the highest porosity of 45% 
in paste sample at 3 days, followed by 41% porosity in 70PC30FA paste, while only 38.6% 
volume of pore was found in 100PC paste.  
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Figure 4.5 Porosity of cement paste development with time (a) w/c ratio of 0.45, (b) w/c ratio of 0.40, 
and (c) w/c ratio of 0.35 
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For FA and GGBS binary pastes, however, the rate of porosity reduction was striking during 
whole test period up to 90 days in Figure 4.5. The greatest reduction rate was found in 
50PC50GGBS paste, especially after 7 days, and the total porosity reduced to the lowest level 
up to 90 days. Although FA pastes showed great reduction after 28 days, their porosity values 
were still higher than those of 100PC pastes. Up to 90 days at w/c ratio of 0.40, the lowest 
porosity of 18.7% was observed in 50PC50GGBS paste sample, 23.5% in the 100PC sample 
and 24.8% in the 70PC30FA paste.  
 
PC begins to hydrate immediately when mixed with water, consuming water content which is 
considered as voids in the matrix, thus resulting in low initial total porosity. FA cement is 
slow to react when it is mix, and GGBS cement commences hydration immediately but also 
slows to a dormant period before reaction rate again increases. The higher replacement level, 
the larger porosity content it is. Thus, 50PC50GGBS paste possessed the greatest total 
porosity, followed by the 70PC30FA paste, at the age of 1 day. This was consistent with 
preceding researches that the addition of Pozzolans cements in blended cement paste caused 
higher total porosity (Chindaprasirt and Rukzon, 2009, Chindaprasirt et al., 2005, Poon et al., 
1997). However, additional materials contain pozzolans, which react with Ca(OH)2 liberated 
from PC hydration, formulating more C-S-H. It was mentioned in Chapter 3 that the 
pozzolanic reaction was determined by the pH environment condition, where reaction started 
quickly in GGBS material while that needed few days for FA material. This was verified 
from the observation of great decrease of porosity in the GGBS paste during the early age.  
4.4.1.2 Ternary Cement Combination Paste 
The 10% of PC replaced by LS cement in binary cement paste at 0.45 w/c ratio increased 
porosity by 1.3% and 5.5%, respectively, when compared to the corresponding FA and 
GGBS binary paste at age of 90 days, in Appendix C Table C.6. It is due to no contribution to 
cement hydration products by adding LS cement, but it improved particle packing density 
with benefits from their fine particle sizes.  
 
SF possessed high reactive property that produced more C-S-H product by secondary 
pozzolanic reaction. The measurements also evidenced the reduction in total porosity in SF 
blended ternary cement combination pastes compared to binary ones across all w/c ratios. At 
age of 28 days, for example, SF addition reduced porosity by 3.6% and 2.5% in ternary paste 
with comparison to the FA and GGBS binary pastes at w/c ratio of 0.45, respectively. 
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Another contribution was expected from the fine particles, which was very beneficial for the 
cement compaction.  
 
Although MK cement was specified with extremely fine particle size and high reactive 
property, but its addition as third cement did not reduce total porosity in comparison with the 
binary paste. The 15% replacement of MK caused greatest increase in porosity in 
PC/GGBS/MK paste compared to binary combination paste, with increase of 8.3% and 9.6% 
at age of 90 days for w/c ratio of 0.35 and 0.45, respectively. The porosity in ternary paste of 
PC/FA/MK was also found 5.5% and 3.3% increases compared to PC/FA binary paste for 
0.35 and 0.45 w/c ratio. 
4.4.2 Pore Size Distribution 
The pore size distribution was measured by MIP, and differential pore size distribution 
(DPSD) for 100PC and binary cement pastes (70PC30FA and 50PC50GGBS) at w/c ratio of 
0.40 at age of 1 and 28 days, were presented in Figure 4.6. The Appendix C Figure C.1 
presented those pore size distribution curves for other cement pastes. For DPSD curves, it 
was noted that all curves kept the similar sharp with a narrow peak area (sometimes two 
peaks) around critical pore diameter, except for 50PC50GGBS binary paste at 28 days, where 
the peak area was widely and no obvious peak value in Figure 4.6. The critical pore diameter 
rc is the radius whose size occupies the largest proportion of pores compared with other pore 
diameters, i.e. the pore diameter corresponding the peak value in the differential pore size 
distribution curve, as seen in Figure 4.6. It also represents the smallest pores creating a 
connected path of the larger pores through the sample (Katz and Thompson, 1986).  
 
Figure 4.7 illustrated the pore size distribution of binary and ternary cement pastes of w/c 
ratio of 0.45 at age of 90 curing days. In Figure 4.7 (a), ternary cement paste blended with 
SF, or MK lowered critical pore diameter and increased small pore content compared to the 
70PC30FA binary cement. MK (15%) showed the best performance on refining the pore 
structure, resulting in lowest critical pore diameter of 65 nm, followed by SF (10%) of 96 nm, 
with comparison to 118 nm of 70PC30FA paste. Moreover, MK and FA inclusion increased 
the content of pore with diameter less than 80 nm greatly. However, inclusion of LS showed 
negligible influences. For GGBS based cement paste in Figure 4.7 (b), similar trends were 
observed that MK (15%) and SF (10%) not only lowered the critical pore diameter, but  
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Figure 4.6 Differential pore size distribution of 100PC, 70PC/30FA, 50PC/50GGBS cement paste at 
w/c ratio of 0.4 at age of 1 and 28 curing days 
 
Figure 4.7 Differential pore size distribution of (a) FA, (b) GGBS based cement paste  
at w/c ratio of 0.45 at age of 90 days 
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increased the small pores significantly. In addition, 10% LS addition resulted in slight 
benefits in comparison with 50PC50GGBS paste.  
 
With respect to pore structure, some researchers (Mehta, 2006, Kumar and Bhattacharjee, 
2003) stated that only large capillary pores with pore size between 50 nm and 1 µm 
influenced the strength and permeability of concrete. Similar statements were supported by 
Massazza (1988) who proposed the permeability of concrete depends largely on the capillary 
pores whose diameter exceeds 100 nm. In order to gain more insight into pore size 
distribution, in this study, the measured pores were divided into four size ranges (Castellote 
and Andrade, 1999, Massazza, 1988): small capillary pores (5-50 nm); middle capillary pores 
(50-100 nm); large capillary pores (100 nm-5 µm); air pores (>5 µm). The pore volume ratio 
(ratio of pore volume within typical size range to total pore volume)  of 70PC30FA and 
50PC50GGBS paste at w/c ratio of 0.4 from 3 days to 90 days were typically presented in 
Figure 4.8 (a) and (b), respectively, and those of other cement pastes were detailed in the 
Appendix C, Figure C.2. The total pore content decreased with curing age, and the relative 
fraction of pore range changed greatly.  
 
As seen in Figure 4.8 (a), the dominant pores were the large capillary pores (>100 nm) at age 
of 3 and 7 curing days, occupying about 60%, but varied to the middle and small capillary 
pores at 28 and 90 curing days. Similar trends were found in Figure 4.8 (b) for 50PC50GGBS 
paste, where pore smaller than 100 nm occupied 30% at age of 3 curing days to 74% at age of 
90 curing days.  
 
The addition of SF in both FA and GGBS binary pastes increased small capillary pore 
porosity greatly across w/c ratio of 0.35 and 0.45 at both 28 and 90 curing days, shown in 
Appendix C Table C.6. At 0.35 w/c ratio, 38% increase of small capillary pore porosity was 
in the 70PC30FA10SF paste at 28 days when compared to the 70PC30FA paste. Similarly, 
50PC50GGBS10SF paste increased about 40% and 30% small capillary pore porosity at age 
of 28 for w/c ratio of 0.35 and 0.45, respectively, when compared to the GGBS binary paste. 
It was presented that significant increase of relative fraction of small capillary pores was 
observed in all SF addition pastes.  
 
Compared to the binary cement paste, ternary paste blended MK behaved differently on 
changing the pore size distribution dependent of cement types. At 90 curing days, the 
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dominant pores were small capillary pores in 35PC50GGBS15MK ternary paste, which 
occupied 74.9% and 79.1% with comparison of 38.9% and 48% in 50PC50GGBS binary 
paste at 0.35 and 0.45 w/c ratios, respectively. The increase was slight in 55PC30FA15MK 
ternary paste at w/c ratio of 0.45, however, even no increase was found at w/c ratio of 0.35 
when compared to 70PC30FA binary pastes. Noticeably, MK increased total pore content in 
all ternary pastes compared to corresponding binary pastes.  
 
For LS cement effect, it was evidenced that addition of LS behaved the same performance on 
increasing all capillary pore contents in both FA and GGBS binary pastes. No significant 
changes of relative fraction were found between each individual pore range.  
 
 
Figure 4.8 Pore volume ratio with age from 3 to 90 days for (a) 70PC/30FA and (b) 50PC50GGBS 
cement paste at w/c ratio of 0.4 
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4.4.3 Porosity and Compressive Strength  
The strength of concrete is fundamentally determined by the weak phases of matrix and ITZ 
between cement paste and aggregate, rather than the aggregate phase with higher intrinsic 
strength. Previous views had established the strong relationship between porosity and 
compressive strength in concrete that exponential equation can describe well such 
relationship (Lian et al., 2011). It is less accurate to measure the porosity of concrete than 
cement paste (Poon et al., 2006), because of small size sample and ITZ effect. The 
investigation of relationship between porosity of cement paste and compressive strength of 
concrete can provide insight to evaluate the difference between cement paste and concrete.  
The Figure 4.9 illustrated the exponential relationship between porosity of cement paste and 
strength of concrete for each single cement combinations type irrespective of w/c ratio and 
curing age. A strong relationship (determination coefficient ≥ 0.94) between two variables 
within same cement type was found for 100PC and binary concrete. That indicated more 
confidence for the explanation of compressive strength increased with lowering porosity.  
 
However, the decisive parameters of best-fitting equation expression were dependent of 
cement combinations types. At the same level of porosity, 100PC mix had the highest 
strength grade, followed by FA binary mix, while GGBS mix showed the lowest strength 
grade. The addition of cements affected the pore structure, and subsequently the properties of 
hydrated product, which were considered as contribution to the strength. The variation was 
great at high porosity level that occurs at early age, when FA and GGBS remained at latent 
period. When the strength enhanced and pozzolanic reaction started at later age, the 
difference between porosity become slight. Compared to the binary cement combinations, the 
addition of third cement replacing PC content resulted in lower initial strength, but they 
improved the compaction density. LS and MK didn’t affect the trend of relation between 
strength and porosity.  
 
Therefore, the porosity can be considered as a valuable index to reflect the strength 
development in individual concrete. However, it cannot be used as the sole index to evaluate 
the strength development within different cement combinations concretes.  
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Figure 4.9 Relationship between compressive strength and porosity (a) 100PC and and FA based 
concretes, (b) 100PC and GGBS based concretes 
4.4.4 Relationship between Pore Character and Chloride Migration Coefficient 
There is no doubt that the pore structure has substantial influence on the permeability of 
concrete. Unlike the good relationship between strength development and porosity, the 
permeability is affected much more complicated by the pore structure, including pore 
connectivity, tortuosity and surface toughness in addition to porosity and size distribution. It 
has been noted that single parameter of pore characteristics cannot represent the overall 
permeability of porous material. This section concerned on the influence of pore properties 
on the chloride ions transporting in concrete.  
 
It is commonly understood that small pores in concrete have positive effects on reducing the 
permeability of concrete, while large pores place negative effects on increasing the 
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permeability. A relative indicator, which is defined as the ratio of large pore content to small 
pore content, was proposed by the author to reflect the permeability of sample. The non-
steady state chloride migration coefficient of concrete from NT Build 492 was selected to 
evaluate the permeability of concrete. Because the test is completed shortly under accelerated 
condition, the influence from aspect of chloride binding on experimental chloride migration 
coefficient of concrete was negligible. The Figure 4.10 indicated the relationship between the 
non-steady-state chloride migration coefficients and pore structure properties including 
porosity, critical pore radius and relative indicator of the reference and binary concrete age of 
28 and 90 curing days. Because pozzolanic reaction affected the pore structure of paste 
greatly, the samples were divided into two groups: PC group without pozzolanic reaction and 
Pozzolan group with pozzolanic reaction in Figure 4.10. The pozzolanic reaction of FA is 
dependent on curing ages, therefore those samples were taken into account at different curing 
age of 28 and 90 days.  
4.4.4.1 Porosity  
As illustrated in Figure 4.10 (a), the relationship between porosity and chloride migration 
coefficient performed differently for two grouped samples. In pure PC samples, the porosity 
showed good relationship with the chloride migration value, and the reduction of porosity 
decreased obviously the migration value. For Pozzolan samples, however, the porosity 
displayed less important role on reducing chloride migration value and their relationship was 
much weaker than that of PC sample. The significant differences between two groups were 
mainly due to the secondary pozzolanic reaction from blended cements that changed the pore 
structure of sample. Compared to the PC samples, those cement combinations showed 
significant reduction of chloride migration values but insignificant reduction in relevant 
porosity. It was noticed in FA blended sample, at age of 28 days the pozzolanic reaction of 
FA was minor, which performed closely to that of PC sample. However, up to 90 days when 
the secondary pozzolanic reaction dominated, the performance of FA blended sample was 
transferred to the pozzolan group. Combination of both PC and Pozzolan samples, there is no 
clear relationship between chloride migration coefficient and porosity.  
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Figure 4.10 Relationship between chloride migration value and pore characteristics (a) porosity; (b) 
critical pore diameter; (c) relative ratio (large pores/small pores) 
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4.4.4.2 Critical Pore Diameter 
Although the reduced chloride migration coefficient of sample was generally found with 
decreasing of critical pore diameter, the trend was different between PC and Pozzolan 
samples. For purely PC samples without secondary pozzolanic reaction, the pore diameter 
indicated remarkable influence on the chloride migration coefficient. For Pozzolan samples, 
the secondary pozzolanic reaction refined the critical pore diameter greatly, which also 
demonstrated a reduction in the chloride migration value. It was of interest for sample 
blended with FA, which behaved like PC sample at curing age of 28 days without the 
occurrence of secondary pozzolanic reaction, but reflected like Pozzolan sample at curing age 
of 90 days with the reaction of pozzolan, in Figure 4.10 (b).  
4.4.4.3 Relative Ratio 
The good linear relationship between relative ratio of paste and chloride migration value was 
found in PC sample with determination coefficient of 0.99 in Figure 4.10 (c). For Pozzolan 
samples, however, the reduction of relative ratio below about 0.4 induced insignificant 
decrease of chloride migration value, reflecting with weak linear relationship. The FA sample 
explained the difference caused by secondary pozzolanic reactions. At early age of 28 days 
with insignificant pozzolanic effect, the relative ratio played pronounced influence on the 
relevant chloride migration coefficient, which was even more remarkable than the PC sample 
due to less content of PC anticipated in the hydration. When it was up to 90 days, the 
relationship of the FA sample was transferred to the Pozzolan group because of the 
occurrence of pozzolanic reaction, where the further reduction of relative ration decreased the 
chloride migration coefficient insignificantly.  
 
Unlike porosity and critical pore diameter of no clear relationship with chloride migration 
coefficient when combined the PC and Pozzolan samples together, the migration coefficient 
of sample showed obvious downtrend with decreasing relative ratio of sample, illustrated as S 
sharp curve in Figure 4.10 (c). There is a critical value (0.4) of the relative ratio, where the 
chloride migration coefficient reduced pronounced with decreasing relative ratio (>0.4), but 
insignificant when the relative ration was less than 0.4.  
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4.5 Chloride Binding Capacity of Cement Paste 
It is acknowledged that chloride ions not only react chemically with tricalcium aluminate 
(C3A) or its hydrates to form calcium chloro-aluminate, generally named as Friedel’s salt, but 
were adsorbed physically on to the surface of C-S-H. Both of those are called chloride 
binding in concrete, which are very helpful on reducing chloride ions penetration into the 
concrete. The effect of chloride binding in concrete is to reduce the amount of mobile ions 
(commonly called free chlorides), only which can transport through concrete and corrode the 
reinforcing steel at certain level of concentration. This section studied the overall chloride 
binding ability of cement paste, including chemical and physical binding effect. 
 
The investigation of the influences of cement combinations type and w/c ratio on chloride 
binding was involved in examining eight different cement combinations across three w/c 
ratios. The measurements of bound chloride content with respect to different cement 
combinations and w/c were outlined in Table 4.4. 
4.5.1 Influence of w/c Ratio 
Table 4.4 displays more bound chloride amount within paste specimen at high w/c ratio than 
that at low w/c ratio when they were exposed to the same chloride environment. The 
influence of w/c ratio on chloride binding capacity was particularly obvious for paste blended 
with cement combinations. With comparison to the paste at w/c ratio of 0.35, binary and 
ternary cement paste was found to exhibit more than 20% of bound chloride at w/c ratio of 
0.45 while less than 10% increase was observed in 100PC paste at w/c ratio of 0.45. This is 
explained as that the cement hydration and pozzolanic reactions are stifled when the w/c ratio 
decreased to very low level and that present binding sites (alumina phase) are not available 
for formatting Friedel’s salt (Thomas et al., 2012).  Lowering w/c ratio was also respectively 
reported about the influence on the pore structure, especially for ternary cement paste, critical 
pore diameter is becoming very low when w/c ratio reduces to 0.35. 
4.5.2 Chloride Binding Isotherm 
The relationship between bound chloride (Cb) and free chloride (Cf) for the 100PC paste with 
w/c of 0.45 was plotted in Figure 4.11. The amount of bound chloride was clearly increasing 
with increased free chloride concentration, and the following “best-fit” non-linear isotherms 
are also presented within the same Figure: 
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Table 4.4 Free and bound chloride content of all pastes after 3 months exposure duration 
Cement Type,% 
w/c = 0.35   w/c = 0.40   w/c = 0.45 
Initial Exposure Chloride Concentration, mol/l 
0.1 0.3 1.0 3.0 
 
0.1 0.3 1.0 3.0 
 
0.1 0.3 1.0 3.0 
Free Chloride Concentration in Exposed Solution, mol/l 
100PC 0.05 0.23 0.91 2.91 
 
0.04 0.22 0.90 2.88 
 
0.04 0.21 0.89 2.87 
70PC30FA 0.03 0.21 0.88 2.85 
 
0.03 0.20 0.86 2.79 
 
0.02 0.18 0.83 2.73 
30FA10LS 0.05 0.21 0.88 2.85 
 
0.03 0.20 0.87 2.80 
 
0.03 0.19 0.84 2.74 
30FA10SF 0.06 0.23 0.90 2.86 
 
0.05 0.23 0.88 2.82 
 
0.04 0.22 0.86 2.78 
30FA15MK 0.02 0.18 0.83 2.77 
 
0.01 0.17 0.81 2.73 
 
0.01 0.16 0.79 2.67 
50PC50GGBS 0.03 0.20 0.85 2.80 
 
0.02 0.19 0.84 2.76 
 
0.02 0.17 0.81 2.70 
50GGBS10LS 0.03 0.21 0.86 2.81 
 
0.03 0.20 0.85 2.77 
 
0.02 0.19 0.82 2.72 
50GGBS10SF 0.05 0.23 0.89 2.85 
 
0.05 0.22 0.88 2.81 
 
0.04 0.21 0.85 2.77 
50GGBS15MK 0.04 0.22 0.85 2.76   0.04 0.21 0.83 2.73   0.02 0.19 0.80 2.68 
 Bound Chloride Content for cement mass, mg/g by mass of paste 
100PC 3.21 5.05 8.09 14.11 
 
3.47 5.32 8.29 15.05 
 
3.70 5.64 8.74 15.23 
70PC30FA 4.06 5.64 9.02 15.85 
 
4.19 6.13 9.97 18.49 
 
4.36 6.72 10.94 20.56 
30FA10LS 2.83 5.48 8.73 15.11 
 
3.76 5.90 9.36 17.30 
 
4.01 6.33 10.33 19.83 
30FA10SF 2.40 4.44 8.19 15.41 
 
2.84 4.51 8.73 16.71 
 
3.19 4.72 9.47 18.05 
30FA15MK 4.37 7.08 11.48 18.88 
 
4.85 7.37 12.23 20.89 
 
5.00 7.91 12.78 23.18 
50PC50GGBS 3.89 5.81 10.19 18.46 
 
4.19 6.21 10.72 20.09 
 
4.44 7.03 11.81 22.07 
50GGBS10LS 3.66 5.50 9.51 17.54 
 
3.96 5.88 10.19 18.95 
 
4.30 6.37 10.98 20.68 
50GGBS10SF 2.57 4.61 8.23 16.60 
 
2.91 4.88 8.48 17.83 
 
3.27 5.28 9.95 18.46 
50GGBS15MK 3.40 4.81 10.00 19.42   3.49 5.32 10.57 20.32   4.12 6.05 12.24 21.99 
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Freundlich Isotherm (Baroghel-Bouny et al., 2012): βα fb CC ⋅=                                     Equation 4-1 
Langmuir Isotherm (Thomas et al., 2012): ( )f
f
b C
C
C
⋅+
⋅
= β
α
1
                                             Equation 4-2 
 
where α and β are binding constants. The Langmuir isotherm can provide a good fit to the 
experimental measurements, but in all mixes the Freundlich isotherm performed a better fit. 
Calculation of binding constants for the Freundlich isotherm fitted to the experimental 
measurements for all cement combination pastes are listed in Table 4.5.  
 
Figure 4.11 Best-fit isotherms for 100PC paste at w/c ratio of 0.45 
 
Table 4.5 “best-fit” binding coefficients for Freundlich isotherms 
Cement Type, % 
w/c = 0.35   w/c = 0.40   w/c = 0.45 
α β r2   α β r2   α β r2 
100PC 9.00 0.36 0.99   9.51 0.34 0.98   9.92 0.32 0.98 
70PC30FA 10.27 0.29 0.94 
 
11.66 0.31 0.95 
 
13.00 0.31 0.95 
30FA10LS 9.71 0.41 0.99 
 
10.95 0.34 0.97 
 
12.33 0.34 0.96 
30FA10SF 9.02 0.48 1.00 
 
9.74 0.44 0.98 
 
10.59 0.42 0.97 
30FA15MK 12.87 0.30 0.98 
 
13.92 0.26 0.95 
 
15.11 0.26 0.94 
50PC50GGBS 11.59 0.33 0.96 
 
12.50 0.32 0.94 
 
13.99 0.31 0.95 
50GGBS10LS 10.89 0.35 0.96 
 
11.80 0.33 0.95 
 
12.90 0.31 0.94 
50GGBS10SF 9.49 0.46 0.99 
 
10.14 0.43 0.98 
 
11.21 0.41 0.98 
50GGBS15MK 11.25 0.41 0.95   12.05 0.41 0.96   13.68 0.35 0.95 
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4.5.3 Influence of Cement Combinations Type 
In Figure 4.12, the experimental measurements and the “best-fit” Freundlich isotherms for 
100PC, 70PC30FA, and 50PC50GGBS pastes were illustrated together. It was noted that 
binary paste showed higher amount of bound chloride compared to 100PC paste under the 
same exposure condition. Product AFm is known as the binding site for chloride chemical 
binding, which is highly related with content of alumina phase in cement. As illustrated in 
Figure 4.13, 70PC30FA and 50PC50GGBS cement paste had much more Friedel’s salt 
content than that of 100PC paste at w/c ratio of 0.40 when they were exposed to the same 
chloride environment. It was mainly due to the high content of alumina phase in FA (19.7%) 
and GGBS (12.0%) than that of PC (4.6%) cement, as seen in Table 3.2.  
 
It is noted that 50PC50GGBS cement paste showed more bound chloride content than that of 
70PC30FA paste, which is attributed to more binding sites in the former cement paste (50% 
replacement by GGBS produces more binding sites than that of  30%FA). The difference of 
bound chloride content within cement combinations types was pronounced at high free 
chloride concentration.  
 
The behaviour of paste produced with ternary mixes performed differently depending on 
cement combinations types. As third blended cement, the presence of MK cement increased 
chloride bound content to a significant level in both FA and GGBS based paste, while SF and 
LS addition conversely reduced chloride bound amount. As seen in Figure 4.12 (b) and (c), 
PC/FA/SF and PC/GGBS/SF showed lower bound chloride content in comparison with the 
corresponding binary concrete. It was noticed that PC/GGBS/MK had the best chloride 
binding capacity among all pastes.  
 
The presence of MK performed the largest increase in bound chloride content among all 
mixes because of its high content of alumina (45% Al2O3). The relationship between the 
alumina content of the cement combination and bound chloride was clearly reported in the 
research (Thomas et al., 2012). The pronounced reduction in bound content in ternary paste 
blended with SF is commonly explained as that the dilution of the alumina content and weak 
physical bound effect. Regarding the negligible amount of alumina (<0.5% Al2O3) in SF 
cement, the addition actually leads to lower alumina content. It is known that the presence of 
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SF reduces the C/S ratio of the C-S-H product (the matrix for physical bound chlorides), 
resulting weak physical bound capacity. On the other hand, SF has positive influence on  
 
Figure 4.12 Freundlich isotherms for cement paste at w/c ratio of 0.40; (a) 100PC and binary cement 
paste; (b) FA based cement paste; (c) GGBS based cement paste 
Chapter Four 
127 
 
increasing chloride binding capacity (physical and chemical binding capacity) by reducing 
the pH of the pore solution  and producing more amount of C-S-H product. Combined both 
the disadvantages and advantages of presence of SF cement, addition of 10% SF within 
PC/FA cement paste resulted in the reduction of total chloride binding capacity. Other 
researchers have also found a reduction in chloride binding due to the incorporation of SF 
cement. LS addition not only had no contribution to bind any chloride, but decreased bound 
content by refining the pore microstructure which reduced the access of binding sites. 
 
Figure 4.13 X-ray diffraction patterns for cement combination paste after chloride exposure; FS: 
Friedel’s salt; CH: Portlandite; C-S-H: Calcium Silicate Hydrate 
4.6 Assess the Effects of Constituent Cements on Minimising Chloride Ingress 
The BS 8500-1(2006) had specified the limiting values for each mix for different exposure 
environment, such as XD3 and XS3 shown in Table 4.6. Limited values were also 
recommended for the XD3 and XS3 in BS EN 206-1(2000), seen in Table 4.7. However, the 
studied mixes perform high target mean strength due to their very low w/c ratio. In the study, 
the strength of 45 N/mm2 was selected as characteristic strength grade while 55 N/mm2 and 
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65 N/mm2 as the target mean strength grade used to compare the durability of different 
cement combination concretes.  
Table 4.6 Durability recommendations for reinforced or prestressed elements with an intended 
working life of at least 100 years (BS 8500-1, 2006, Table A.5) 
Nominal Cover, 
mm 
Compressive strength class where recommended, 
maximum water-cement ratio and minimum cement 
or combination content for  normal-weight concrete 
with 20 mm maximum aggregate size 
Cement/combination types 
45+∆c 50+∆c 55+∆c 60+∆c 
XD3 
- - 
C45/55 C40/50 100 PC, IIA,  
0.35  380 0.40  380 IIB-S,SRPC 
C40/50 C35/45 C32/40 C28/35 
IIB-V, IIIA 
0.35  380 0.40  381 0.45  360 0.50  340 
C32/40 C28/35 C25/30 C25/30 
IIIB, IVB-V 
0.40  380 0.45  360 0.50  340 0.55  320 
XS3 
- - - 
C45/55 100 PC, IIA,  
0.35  380 IIB-S,SRPC 
C40/50 C35/45 C32/40 C28/35 
IIB-V, IIIA 
0.35  380 0.40  380 0.45  360 0.50  340 
C32/40 C28/35 C25/30 C25/30 
IIIB, IVB-V 
0.40  380 0.45  360 0.50  340 0.50  340 
A dash (-) indicates that greater cover is recommended 
 
 
Table 4.7 Recommended limiting values for composition and  
properties of concrete in BS EN 206-1 (BSI, 2000) 
  
Exposure Class 
XD3 XS3 
Maximum w/c 0.45 0.45 
Minimum strength class, N/mm2 C35/45 C35/45 
Minimum cement content, kg/m3 340 340 
 
For concrete with cement content of 400 kg/m3 and 475 kg/m3, normalised values which are 
developed on the 28-day compressive strength test and 28-day and 120-day chloride ingress 
test results, and their rankings are presented in Table 4.8 and 4.9. Figure 4.14 present the 
normalised non-steady state diffusion coefficient of concrete for the concrete compressive 
strength grade of 45 N/mm2, 55 N/mm2 and 65 N/mm2. With strength grade increasing, all 
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experimental results are expected to improving chloride resistance of concrete at 28, 90 or 
120 curing days, either for 100PC, binary or ternary concrete, as illustrated in Figure 4.14.  
Table 4.8 Normalised values for concrete (400 kg/m3) 
Combination 
Type, % Abbr. 
Method A   Method B   Method C 
Charge Passed 
 
Non-steady State 
Migration Coefficient  
Non-steady State 
Diffusion Coefficient 
Coulombs 
 
Da, 10-12m2/s 
 
Da,10-12m2/s 
Test Age, Days 
28 120   28 120   90 
 45 N/mm2 
100 PC P 5280 [8] 4320 [8] 
 
19.2 [8] 15.8 [8] 
 
14.5 [8] 
70PC30FA BF 5120 [7] 1180 [6] 
 
13.3 [7] 2.7   [3] 
 
2.4   [5] 
50PC50GGBS BG 2250 [5] 1550 [7] 
 
4.6   [3] 4.2   [7] 
 
3.5   [7] 
30FA10LS TFL 3100 [6] 900   [5] 
 
12.0 [6] 3.3   [5] 
 
1.8   [2] 
50GGBS10LS TGL 610   [1] 560   [3] 
 
2.7   [1] 2.6   [2] 
 
1.4   [1] 
30FA10SF TFS 1440 [4] 430   [2] 
 
3.6   [2] 2.5   [1] 
 
2.0   [3] 
30FA15MK+ TFM1 1080 [2] 420   [1] 
 
5.1   [4] 4.1   [6] 
 
2.5   [6] 
30FA15MK* TFM2 1350 [3] 600   [4] 
 
5.3   [5] 3.2   [4] 
 
2.0   [3] 
 55 N/mm2 
100 PC P 4375 [8] 3600 [8] 
 
11.2 [7] 7.0 [8] 
 
12.5 [8] 
70PC30FA BF 3700 [7] 800   [6] 
 
11.6 [8] 2.2 [2] 
 
1.5   [3] 
50PC50GGBS BG 1330 [5] 900   [7] 
 
3.7   [3] 3.4 [6] 
 
2.2   [7] 
30FA10LS TFL 2650 [6] 640   [5] 
 
9.1   [6] 2.8 [5] 
 
1.3   [2] 
50GGBS/10LS TGL 550    [1] 510   [4] 
 
2.3   [1] 2.2 [2] 
 
1.1   [1] 
30FA10SF TFS 1200  [4] 380   [2] 
 
3.1   [2] 1.9 [1] 
 
1.9   [5] 
30FA15MK+ TFM1 900    [2] 340   [1] 
 
4.8   [4] 3.4 [6] 
 
2.0   [6] 
30FA15MK* TFM2 1180 [3] 480   [3] 
 
4.8   [4] 2.7 [4] 
 
1.8   [4] 
 65 N/mm2 
100 PC P 3475  [8] 2900 [8] 
 
9.6 [8] 8.5 [8] 
 
10.2 [8] 
70PC30FA BF 2200  [6] 400   [3] 
 
8.2 [7] 1.6 [1] 
 
1.1   [3] 
50PC50GGBS BG 850    [3] 600   [7] 
 
3.0 [3] 2.8 [6] 
 
1.3   [4] 
30FA10LS TFL 2490  [7] 580   [6] 
 
7.6 [6] 2.5 [5] 
 
1.0   [2] 
50GGBS10LS TGL 520    [1] 480   [5] 
 
1.9 [1] 1.8 [3] 
 
0.8   [1] 
30FA10SF TFS 1020  [5] 360   [2] 
 
2.8 [2] 1.6 [1] 
 
1.8   [7] 
30FA15MK+ TFM1 720    [2] 290   [1] 
 
4.4 [4] 2.8 [6] 
 
1.6   [5] 
30FA15MK* TFM2 1010  [4] 400   [3]   4.6 [5] 2.4 [4]   1.7   [6] 
Data: extrapolated values in the normalised data due to low or high strength development; n/t: not 
test; # 15% addition of MK; * 15% replacement of 100 PC by MK; [number]: ranking of chloride resistivity of 
concrete. The lower the number is, the higher the chloride resistivity of concrete it is. 
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Table 4.9 Normalised values for concrete (475 kg/m3) 
Combination Type, 
% 
Method A   Method B   Method C 
Charge Passed 
 
Non-steady State Migration 
Coefficient  
Non-steady State 
Diffusion Coefficient 
Coulombs 
 
Da, 10-12m2/s 
 
Da,10-12m2/s 
Test Age, Days 
28 120   28 120   90 
45 N/mm2 
70PC30FA 2830 1350 
 
n/t 2.7 
 
2 
50PC50GGBS 1360 n/t 
 
n/t 2.1 
 
2 
30FA10LS 1720 760 
 
11 3.2 
 
n/t 
50GGBS10LS 720 600 
 
3.3 2.0 
 
2 
55 N/mm2 
70PC30FA 2220 760 
 
n/t 2.1 
 
1.6 
50PC50GGBS 1090 n/t 
 
n/t 1.9 
 
1.5 
30FA10LS 1440 560 
 
7.8 1.8 
 
n/t 
50GGBS10LS 590 515 
 
2.8 1.9 
 
1.3 
65 N/mm2 
70PC30FA 1840 450 
 
n/t 1.7 
 
1.2 
50PC50GGBS 910 n/t 
 
n/t 1.8 
 
1.3 
30FA10LS 1360 480 
 
5.9 1.0 
 
n/t 
50GGBS10LS 535 470   2.6 1.8   1.0 
Data: extrapolated values in the normalised data due to low or high strength development; n/t: not 
test; # 15% addition of MK; * 15% replacement of 100 PC by MK 
4.6.1 Effect of Binary Cement Combinations 
Concrete blended with FA cement showed improvement on chloride resistance. However, it 
was dependent of curing time where the early-age improvement was insignificant but the 
obviously late-age improvement in comparison with 100PC concrete. As illustrated in Figure 
4.14 (a), at age of 28 days, the chloride permeability of both 100PC concrete and 70PC30FA 
concrete at 55 N/mm2 was observed to be at a high permeability class, with coulombs of 4375 
and 3600, respectively. The chloride diffusion coefficient of 70PC30FA concrete even 
showed higher values than that of 100PC concrete at equal strength of 55 N/mm2 in Figure 
4.14 (c). Up to 120 days, however, significant lower chloride durability indicators (higher 
durable concrete) were found in FA blended concrete when compared to 100PC concrete 
across all test methods. Concrete blended with 30%FA  presented about four times decrease 
in coulombs from 3600 to 800, and three times decrease in chloride diffusion coefficient from 
7.0 to 2.2×10-12m2/s at age of 120 days compared to 100PC concrete. The naturally chloride 
diffusion test stated more significant decrease in chloride diffusion coefficient, from 10.2 
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×10-12m2/s  in 100PC concrete to value of 1.5×10-12m2/s  in 70PC30FA concrete. Such 
findings were also observed between 100PC and 70PC30FA concrete at equal strength level 
of 45 N/mm2 and 65 N/mm2.  
 
The time-dependent performance of concrete blended with FA is mainly attributed to its 
pozzolanic reaction. The pozzolanic reaction between FA and liberated Ca(OH)2 from PC 
hydration will not start until the environment pH went higher than certain value so, the 
accumulation of pH value determines the effect of FA. Before the reaction, FA cement had 
no chemical contribution to prevent chloride ingress into concrete although its fine size and 
spherical particle sharp improved the compaction density of concrete. It was evidenced by the 
slightly decrease in coulombs in Method A and even the increase of chloride diffusion 
coefficient from Method B at the age of 28 days. Commence of pozzolanic reaction not only 
consumed the liberated Ca(OH)2 to increase the strength development, but produced more C-
S-H product which was benefit for refining pore structure and increasing the chloride binding 
capacity (seen in Figure 4.13). Furthermore, the high content of Al2O3 in cement also 
generated more binding sites those can reduce chloride penetration greatly.  
 
Alternatively, in comparison with 100PC concrete, concrete blended with 50% GGBS caused 
significant reduction in the chloride durability indicators across all test ages, showed in 
Figure 4.14. The 120-days recorded charges of 100PC concrete at strength grade of 65 
N/mm2 was about 2900 coulombs, however, the value was reduced to 600 coulombs when 
50% PC was replaced by GGBS. Method B also indicated the chloride diffusion coefficients 
of concrete dropped from 8.5 to 2.5×10-12m2/s, as well as values from 10.2 to 1.3×10-12m2/s 
from Method C when 50% GGBS was blended into concrete. The similar downtrend was 
found across test methods at 28 curing days, and at other two equal strength grade. All those 
findings demonstrated the benefits of GGBS on improving chloride durability of concrete, 
which was mainly due to the pozzolanic property and high content of alumina of GGBS. 
Pozzolanic reaction between GGBS cement and Ca(OH)2 can commence at the beginning of 
mixing (Bijen, 1996) Resulting products refines the pore structure of concrete (such as 
decreasing critical pore radius) and finallyreduces the rate of chloride transport. Besides, the 
high content of alumina produced more AFm product which reacts with free chlorides in pore 
solution to form solid phase of Friedel’s salt, also reducing the process of chloride transport 
in concrete.  
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Figure 4.14 Equivalent performance of concrete at three strength grades, (a),(c): 28-day test results; 
(b),(d): 120-day test results; (e): 90-day test results 
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The different pore environment (typically pH value) for the commence of pozzolanic reaction 
between FA and GGBS is a main reason for different performances of chloride durability 
when they are blended in concrete. 
4.6.2 Effect of Ternary Cement Combinations 
Generally, chloride durability performance of ternary concrete behaved better than that of the 
corresponding binary concrete, as seen in Figure 4.14 at each equal strength grade. With the 
starting low chloride durability indicators of the binary concrete, however, the further 
reduction by adding third cement was slight.  
 
The addition of 10% LS in the FA binary concrete contributed decrease in both recorded 
charges in Method A and chloride diffusion coefficient in Method C across all three equal 
strength grades. However, the Method B test stated higher chloride diffusion coefficient of 
60PC30FA10LS concrete than that of 70PC30FA concrete at 120 curing days, although less 
values were found in the former concrete at 28 days. In addition, incorporation of LS in 
GGBS blended concrete was evidenced of benefits into the chloride durability from all test 
methods. It was reported that value of 2.2×10-12m2/s in 50PC50GGBS concrete was reduced 
to 1.1×10-12m2/s value in 40PC50GGBS10LS concrete at strength grade of 55 N/mm2 in 
Method C. It was acknowledged that LS cement had no contribution to the product of C-S-H 
and chloride binding capacity, but only increased the compaction density due to its fine 
particle size. Although the LS cement increased the chloride durability at each strength grade, 
it was noted of lower w/c ratio of concrete blended with LS than the corresponding binary 
concrete. The reason was due to the low strength development in LS blended concrete, which 
relied on lowering more w/c ratio to achieve the expected strength grade.   
 
Compared to FA binary concrete, ternary concrete (70PC30FA10SF) increased the early-age 
chloride resistance of concrete greatly, but the long-term benefits were insignificant or worse. 
At age of 28 curing days, the 70PC30FA10SF concrete decreased recorded coulombs by 
three times and reduced chloride diffusion coefficient by about four times compared to 
70PC30FA concrete across all strength grades. At strength grade of 55 N/mm2, it devalued 
the chloride diffusion coefficient of 8.2×10-12m2/s in 70PC30FA concrete to 1.6×10-12m2/s in 
70PC30FA10SF concrete. Up to 120 days, however, the difference between two cement 
combinations concrete came to be slight, even negative influence was found in ternary 
concrete blended with SF than corresponding binary concrete. In Method C, all values of 
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70PC30FA concrete showed lower than those of 70PC30FA10SF concrete where, stated 
1.5×10-12m2/s and 1.9×10-12m2/s at 55 N/mm2 of strength and 1.1×10-12m2/s and 1.8×10-
12m2/s at 65 N/mm2 of strength for the former and latter concrete, respectively. As discussion 
before, the addition of SF refined the pore structure of concrete and increased the product of 
C-S-H, however, it also reduced the chloride binding capacity by reducing binding sites (less 
alumina phase) and decreasing the pH value of the pore solution.  
 
The performance of concrete blended with FA and MK behaved similar as SF did, when 
compared to the FA binary concrete. It increased the chloride resistance of concrete, such as 
28 test days in this study, but showed lower chloride resistance up to 120 days when 
compared to FA binary concrete. Based on the strength of 55 N/mm2 for Method B, the 28-
days chloride diffusion coefficient of 55PC30FA15MK was about 4.8 ×10-12m2/s, much 
lower than that value of 11.6×10-12m2/s for 70PC30FA concrete, conversely, the 120-days 
value of the former concrete was 2.0×10-12m2/s compared to that of 1.5×10-12m2/s for the 
latter concrete. The same trends were also observed in other strength grades and test methods.  
 
On the basis of the preceding discussions, five statements were of importance to list as 
follows:  
 
 (i) The rank order of concrete blended with FA, such as 70PC30FA and 60PC30FA10LS 
specimens, varied significantly at 28 and 120 days from all test methods. This was mainly 
due to the pozzolanic property of FA depending on curing age. It was very important that the 
chloride test results of FA blended concrete at early age didn’t correctly represent the overall 
correct property of concrete.  
 
(ii) Concrete blended with addition cements, except for FA at early age, demonstrated 
significant reduction in chloride durability indicators at each equal strength grade from all 
test methods compared to 100PC concrete. Firstly, the increasing of chloride binding capacity 
by blending with FA, GGBS, or MK emphasised an important role on improving chloride 
resistance of concrete. Secondly, secondary pozzolanic reaction with liberated Ca(OH)2 from 
PC hydration produced more C-S-H phases in later age (seen in Figure 4.13), which 
contributed improvement on filling pores and refining pore size (Wang et al., 2004). Thirdly, 
the incorporation of cementing materials brought less heat output and slower release rate of 
heat during cement hydration process, especially at early age. The 70PC30FA and 
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50PC50GGBS concrete reduced 25%-30% of output heat of 100PC  concrete during first 41 
hours, and decreased heat release rate by different degrees (Dhir, 2006). Fourthly, from the 
chemical standpoint, the characteristic of the primary C-S-H produced by PC and secondary 
C-S-H generated by the pozzolanic reaction was determined from the Ca/Si ratio. The present 
of C-S-H phase in neat PC generally had a mean Ca/Si ratio of about 1.7, with a range of 
values within a given paste from 1.2 to 2.1; if a paste blends with cementing materials such as 
FA, GGBS, MK or/and SF, then the mean ratio reduced pronouncedly, in some cases to less 
than 1.0 (Richardson, 1999). Hydraulic property of cementing materials was highly related to 
the value of Ca/Si ratio (Lea, 1970, Neville, 1996). The C-S-H of FA and GGBS based 
cements was high in Al, and this can have an important influence on its suitability in, for 
example, contaminated chloride environment (Sun et al., 2006, Hong and Glasser, 2002, 
Brough et al., 2001). However, there were no reports about the relationship between the C-S-
H properties and chloride resistance of concrete. Additionally, the cementing materials with 
extreme fineness, such as LS, SF, MK also improved the particle compaction.  
 
(iii) The addition of SF and MK reduced chloride diffusion coefficient greatly at 28 days, but 
showed no benefits at age of 120 days compared to FA binary concrete. Both SF and MK 
possessed much amount of reactive silicates, which can react with Ca(OH)2 at early age to 
generate additional C-S-H products, leading to a denser microstructure. This study found the 
benefits on the refinement of pore structure of cement samples at 28 and 90 days. However, 
the pozzolanic reaction could be fundamentally hindered duo to the lack of Ca(OH)2 content 
and the resulting hydrate coating surrounding reactive particles (Hou et al., 2012).  
 
(iv) Concrete blended with high cement content (475 kg/m3) didn’t bring more benefits on 
decreasing chloride durability indicator from chloride tests compared to that of 400 kg/m3. 
More cement content released more heat during hydration process, which was deleterious to 
the micro structure of concrete.  
 
(v) Cement paste blended with 50% GGBS presented higher chloride binding capacity than 
that of paste blended with 30% FA. However, the 50PC50GGBS concrete didn’t bring better 
chloride durability than the 70PC30FA concrete at age of 120 days. Firstly, the influences of  
FA and GGBS were different on autogenous shrinkage of low w/c concrete, which was the 
major factor to generate larger shrinkage and early cracking (Li et al., 2010). Addition of FA 
in concrete effectively decreased the autogenous shrinkage of concrete (Termkhajornkit et al., 
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2005). Conversely, GGBS incorporation induced greater autogenous shrinkage than ordinary 
concrete, and higher percentage of substitution caused a larger increase in autogenous 
shrinkage at later ages (Lee et al., 2006).  Secondly, it may be related to the process of the 
pozzolanic reactions. On one hand, high replacement level of GGBS needed more liberated 
Ca(OH)2 (hydrate of C3S and C2S) from PC hydration (Neville, 2011). However, low PC 
content will produce low content of Ca(OH)2.   On another hand, the early start of pozzolanic 
reaction between GGBS and Ca(OH)2 will produce C-S-H phases, which further slows the 
process of PC hydration when they coat on PC particles. For 70PC30FA concrete, high PC 
content can provide more Ca(OH)2 for the pozzolanic reaction of FA in later age.  
4.7 Effects of Lowering w/c Ratio on Minimising Chloride Ingress  
It is generally accepted that the effect of lowering w/c ratio increases chloride resistance of 
concrete. For high performance concrete in this study, whether lowering w/c ratio behaves 
the reduction trend on chloride diffusion coefficient value across all test methods was 
evaluated. In order to obtain more insight into the effect of lowering w/c ratio on minimising 
chloride ingress in concrete, the steady state chloride migration coefficient (Method D), non-
steady state migration coefficient (Method B) and non-steady state diffusion coefficient 
values (Method C) were taken into the analysis.   
4.7.1 Steady-State Migration Coefficient 
Steady-state migration coefficients of concrete were measured from Multi-Regime Test, and 
their changes against with w/c ratio ranging between 0.35 and 0.45 were illustrated in Figure 
4.15 (a), (b) and (c), for binary, FA based and GGBS based ternary concrete, respectively. 
Clearly, the reduction of chloride migration coefficient with decreasing w/c ratio from 0.45 to 
0.35 was pronounced in 100PC and binary concrete (70PC30FA and 50PC50GGBS), with 
approximately 50% decrease in Figure 4.15 (a). The 100PC concrete began with the highest 
value of 16 ×10-12m2/s at w/c ratio of 0.45, and reduced to about 8×10-12m2/s at w/c ratio of 
0.35. 70PC30FA concrete with different cement content exhibited similar trend in migration 
coefficient reduction, where concrete of 475 kg/m3 cement content performed better chloride 
resistance than that in concrete of 400 kg/m3. Although the obtained steady-state coefficients 
in GGBS binary concrete were the lowest to start with, 3.2×10-12m2/s at 0.45 w/c ratio, the 
reduction with dropping w/c ratio was pronounced.  
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Figure 4.15 Relationship between w/c ratio and chloride migration coefficient (MR test) 
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The distribution of steady-state migration coefficients of ternary cement combinations with 
respect of different cement content, w/c ratio and test ages were plotted in Figure 4.15 (b) and 
4.15 (c). Overall, high chloride resistance of ternary concretes can be seen from low chloride 
migration coefficients, where the best performance of chloride resistivity was 
70PC30FA10SF concrete with value of 1.82×10-12m2/s at w/c ratio of 0.35. The dropping 
trend of chloride migration values with lowering w/c ratio did behave among all ternary 
concretes, however, the reduction in migration values were not as pronounced as that of 
100PC or binary concrete. For 100PC concrete at w/c ratio of 0.35, the steady-state chloride 
migration coefficient decreased to 49% of that at w/c ratio of 0.45. A decrease of about 50% 
was also found for both binary concretes. However, only 30% to 35% of chloride migration 
coefficient was reduced by lowering w/c ratio from 0.45 to 0.35 for ternary concretes.   
 
The steady-state chloride migration represents the chloride movement in condition of 
constant flux taking into account of only transport phenomena with assumption that chloride 
binding process has been fully completed prior to such condition. Subsequently, pore 
structure of porous concrete is the only parameter for evaluating the steady state migration 
coefficient. The 100PC concrete and binary concrete at early age showed significant 
reduction in migration values when w/c ratio decreasing from 0.45 to 0.35. It indicated the 
improvement on the microstructure of concrete by lowering w/c ratio. The evaluation of pore 
structure of cement paste have stated the benefits of lower porosity, critical pore diameter and 
relative indicator from decreasing w/c ratio, those are all positive effect on improving 
chloride resistance of concrete. The ternary concrete resulted in more refinement of pore 
structure than that of the corresponding binary concrete, which also resulted in decreasing 
chloride migration coefficients. However, the decrease of migration values with reducing w/c 
ratio was not as pronounced as that of binary concrete, due to the less pronounced changes in 
pore structure by blending with LS, SF and MK.  
4.7.2 Non-Steady-State Migration Coefficients 
The relationship between w/c ratio and non-steady state migration coefficient of concrete, 
including 100PC, 70PC30FA and 50PC50GGBS binary concrete, at age of 28 days and 90 
days, was separately illustrated in Figure 4.16 (a) to (d). It was apparently that chloride 
migration coefficient values decreased with lowering w/c ratio among all mixes. Except for 
70PC30FA and 60PC30FA10LS concrete at 28 days, all other cement combinations concrete 
showed substantially lower migration coefficient than that of 100PC concrete.  
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At age of 28 curing days as seen in Figure 4.16 (a) and (c), 100PC, 70PC30FA and 
60PC30FA10LS concrete (with high starting value at w/c ratio of 0.45) demonstrated 
pronounced decrease of migration values with lowering w/c ratio. Compared to value of 
concrete at w/c ratio of 0.45, 24%, 40% and 38% decrease of migration value was found in 
100PC, 70PC30FA and 60PC30FA10LS concrete when w/c ratio reduced to 0.35, 
respectively. Concrete blended with GGBS, SF or MK, showing lower starting migration 
value at w/c ratio of 0.45 at 28 days, however, didn’t cause significant decrease of migration 
value with lowering w/c ratio. Nevertheless, about 30% decrease of migration value was 
observed in 50PC50GGBS and 40PC50GGBS10LS concrete, but only 12% to 18% decrease 
of value was found in 70PC30FA10SF, 55PC30FA15MK and 70PC30FA15MK concrete.  
 
 
   Figure 4.16 Relationship between non-steady state migration coefficient and w/c ratios 
At age of 90 curing days as illustrated in Figure 4.16 (b) and (d), similar trends occurred for 
tested concretes, where concrete (100PC) with higher starting migration value decreased 
significant with lowering w/c ratio while those with lower value behaved negligible reduction 
in migration values. The relative reduction of migration value varied between 30% and 40% 
when w/c ratio decreased from 0.45 to 0.35 for all concretes. It is noticed that for those 
cement combinations concrete with migration value between 2.0 and 4.0 ×10-12m2/s, that of 
lowering w/c ratio to very low level of 0.35 didn’t reduce their values to expected low level. 
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The resulting values of concrete at w/c ratio of 0.35 were concentrated on approximately 2.0 
×10-12m2/s, and none sample was decreased to be less than 1.0 ×10-12m2/s.  
4.7.3 Non-steady State Diffusion Coefficient  
In facilitate to evaluate the effect of lowering w/c ratio on chloride resistance of concrete, 
reference samples at large scale of w/c ratio are needed. Take Dunne’s (2010) simultaneous 
research as reference, which was carried out at larger range of w/c ratio, Figure 4.17 (a)-(a1) 
to (g)-(g1) show relative ratio of chloride durability indicators (steady state chloride 
migration coefficient (MR), non-steady state chloride migration coefficient (NT) and non-
steady state chloride diffusion coefficient (IM)) of all mixes basis on the values of w/c ratio 
of 0.35 as reference.  
 
With w/c ratio decreased, apparently, the reducing rate of non-steady state chloride migration 
coefficients became slow in all reference data from w/c ratio from 0.65 to 0.35, as seen in 
Figure 4.17 (a) to (g). For TFS concrete in Figure 4.17 (f), the relative ratio decreased greatly 
from 4.7 to 1.9 with w/c ratio decreasing from 0.65 to 0.5, but it decreased only from 1.9 to 
1.0 when w/c ratio decreased from 0.5 to 0.35. The slow-reduction-rate trend was also found 
in studied cement combinations concretes, where the investigated curves of ternary concretes 
within range from w/c ratio of 0.35 to 0.45 were well comparative to the reference curves. 
For 100PC and FA and GGBS binary concrete, although the resulting curves displayed 
higher beyond the reference curves, they also behaved the trend of slow-reduction-rate of 
chloride migration coefficient with decreasing w/c ratio from 0.45 to 0.35.  
 
Curves representing of the steady state chloride migration coefficient and non-steady state 
chloride diffusion coefficient were compared to curves of non-steady state migration 
coefficient as shown in Figure 4.17 (a1) to (g1). Curves of steady state migration coefficient 
were found to be close to those curves of non-steady state chloride migration coefficient for 
studies mixes except of PC and BG. For the non-steady state diffusion coefficient, curves 
showed straight reduction with decreasing w/c ratio in PC concrete while illustrated similar 
slow-reduction-ratio phenomena for cement combinations concrete, especially for BG, TFS 
and TFM concrete.  
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Figure 4.17 (a) Distribution of chloride diffusion coefficient across w/c ratios 
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Name note: [concret-test method-curing days], for example, [BF-NT-28day(ref)] is binary FA concrete under 
NT Build 492 test at 28 curing days as reference sample; PC: 100PC; BF: 70PC30FA; BG: 50PC50GGBS; 
TFL: 60PC30FA10LS; TGL: 40PC50GGBS10LS; TFS: 70PC30FA10SF; TFM: 55PC30FA15MK; NT: NT 
Build 492 test, non-steady state chloride migration coefficinet; MR: Multi-Regime test, steady state migration 
coefficient; IM: Immersion test, non-steady state chloride diffusion coefficient. 
Figure 4.17 (b) Distribution of chloride diffusion coefficient across w/c ratios 
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4.7.4 Chloride Diffusion Profile 
Determination of non-steady state chloride diffusion coefficient from chloride content profile 
based on non-linear regression analysis is currently challenged. To some extent, the chloride 
content profile itself offered insight to assess the chloride resistance of concrete. For 100PC 
and both FA and GGBS binary concretes, the raw test data for chloride profile of concrete 
and best-fitting curves were illustrated in Figure 4.18. As can be seen, the best-fitting curves 
presented the chloride ingress behaviour well at depth rather that the surface zone. With 
respect of 100PC concrete, the best-fitting curves showed the same surface chloride content 
across w/c ratios, but shaped differently, exhibiting deeper chloride penetration with 
increasing w/c ratio from 0.35 to 0.45. For binary and ternary concrete, the best-fitting curve 
of 0.45 w/c ratio differed clearly from that of 0.40 and 0.35, with higher surface chloride 
content and deeper chloride penetration. When w/c ratio went down to 0.40 or 0.35, however, 
the curves behaved different, where different surface chloride content but almost same 
chloride penetration depth was found.  
 
The chloride diffusion process via concrete exposed to chloride solution definitely involved 
the chloride binding effect during the test period. The chloride penetration profile 
demonstrated no difference for concrete blended with constituent cements between w/c ratio 
of 0.35 and 0.40, even between 0.35 and 0.45 for some cases. It has been observed that 
chloride bound content reduced with lowering w/c ratio that was confirmed by the 
investigation of the chloride bound content of cement paste in Section 4.5.2. It stated that 
chloride bound content reduced pronounced with decreasing w/c ratio from 0.45 to 0.35 for 
constituent cements concrete, however, insignificant for 100PC concrete. It means that 
chloride binding effect was more pronounced for constituent cements concrete than 100PC 
concrete on reducing chloride penetration when w/c ratio reduced. 
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Figure 4.18 Chloride profile of concrete from Immersion test method 
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4.8 Chloride Resistance of Concrete 
High performance concrete showed higher chloride resistivity than traditional concrete, 
originating from the benefits of constituent cements and lowering w/c ratio. The typical 
influences of constituent cements and lowering w/c ratio were mainly on improving the 
property of pore structure and chloride binding capacity of sample, however, those two 
properties were interrelated with each other and finally determined the overall property of 
concrete, as illustrated in Figure 4.19.  
4.8.1 Cement Combinations Effects 
Firstly, the addition of constituent cements in cement paste was proved to improve the pore 
structure of paste, in terms of reducing porosity, refining critical pore radius, and increasing 
small capillary pores. All those parameters showed certain relationship on enhancing the 
chloride durability of concrete. Secondly, additions such as FA, GGBS, and MK possess high 
content of alumina phase, which provides more binder sites for free chloride. It was shown in 
Figure 4.13, cement paste blended with FA and GGBS produced more Friedel’s salt (relative 
value of 1.0) than that of the pure PC paste (relative value of 0.22) when exposed to chloride 
environment. Although LS and SF cannot increase chloride binding capacity of paste when 
they are blended, the negative influence of less addition content will be compensated by the 
high content of FA or GGBS incorporation when compared to 100PC mix. Finally, the 
secondary pozzolanic reaction of constituent cements (except of LS) and Ca(OH)2 produces 
more C-S-H product, which also can physically bind free chloride in pore solution because of 
its extreme surface area. It was also indicated in Figure 4.13, relative value of Ca(OH)2 was 
reduced in FA (1.0) and GGBS (0.76) binary cement paste compared to that of 100PC paste 
(1.0). However, the relative C-S-H product increased significantly in FA (0.99) and GGBS 
(1.0) binary cement paste with comparison to 100PC paste (0.43).  
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Figure 4.19 Characteristics of high chloride resistance concrete 
4.8.2 Lowering w/c Ratio Effects 
Lowering w/c ratio was always chosen as a relaying option for improving chloride durability 
of concrete, due to its contribution to the enhancement of pore structure. However, for 
concrete at low w/c ratio, especially for high performance concrete, it caused the reduction of 
chloride binding capacity that was very important for chloride durability of concrete.  
 
On one hand, lowering w/c ratio from 0.45 to 0.35 exhibited positive influences on pore 
structure even for constituent cements paste. It can reduce porosity, critical pore diameter, 
and relative ratio by increasing the fraction of small pores. The downtrends of steady state 
migration coefficients with decreasing w/c ratio provided the evidence that the improvement 
of pore structure by decreasing w/c ratio can resulting in enhancing the durability of concrete. 
On the other hand, lowering w/c ratio can decrease the chloride binding capacity of mixes, 
due to less access to the binder sites. When w/c ratio reduces, the relevant porosity, critical 
pore diameter becomes smaller and smaller those increase the difficulty of chloride access to 
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the binder sites. The increase of the fraction of small capillary pore also blocks the access to 
the binder sites. From Figure 4.20, the results indicated the product of Friedel’s salt decreased 
with reducing w/c ratio from 0.45 to 0.35 for both 70PC30FA and 50PC50GGBS paste, 
conversely, the remaining content of Ca(OH)2 increased. It demonstrated the consumption of 
liberated Ca(OH)2 was retarded and the accesses of binding sites for chloride ions become 
less, due to the refinement of pore structure when w/c ratio decreased.   
4.8.3 Combination of Constituent Cements and Lowering w/c Ratio 
As it known, high performance concrete is the combination of multi constituent cements and 
low w/c ratio. It always leads to a misunderstanding thought that both blending optimised 
composition of constituent cement and lowering w/c ratio can enhance the durability of 
concrete. However, the findings proposed different opinions about this at low w/c ratio from 
0.45 to 0.35, especially for high performance concrete with w/c ratio below 0.40. 
 
The chloride resistance of porous concrete was generally determined from the characteristics 
of its pore structure and chloride binding capacity of its solid phase. As illustrated in Figure 
4.19, the use of constituent cements not only improved the overall characteristics of pore 
structure, but increased the chloride binding capacity. Subsequently it generated an increase 
of chloride resistance of concrete. Compared to 100 PC concrete, HPCs include binary type 
(70PC30FA, 50PC50GGBS) and ternary type (60PC30FA10LS, 70PC30FA10SF, 
55PC30FA15MK, 50GGBS10LS) demonstrated improvement on both chloride binding 
capacity and pore structure property, so reduced the chloride diffusion coefficients to very 
low level.  
 
Lowering w/c ratio from 0.45 to 0.35 caused the improvement on pore characteristics of 
concrete. However, it also brought the reduction of chloride binding capacity of concrete. It 
proposed that at high w/c ratio (≥0.45), the positive effects on pore structure were more than 
the weakness caused by chloride binding capacity reduction, so it still showed decrease in 
chloride diffusion coefficients with lowering w/c ratio. At low w/c ratio (≤0.45), the strengths 
from refining pore structure were offset by the shortcoming caused by reducing chloride 
binding capacity, so the overall improvement exhibited negligible. Regarding the non-steady 
state chloride diffusion coefficients from the immersion test, it showed pronounced reduction 
of values for 100PC concrete from 0.45 to 0.35 w/c ratios. However, for binary and ternary 
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concretes, the differences between w/c ratio of 0.35 and 0.40 were negligible even for some 
cases, like 55PC30FA15MK, 70PC30FA10SF concrete, between w/c ratio of 0.35 and 0.45.  
 
Figure 4.20 X-ray diffraction of binary cement paste after chloride exposure;  
FS: Friedel’s salt; CH: Portlandite; C-S-H: Calcium Silicate Hydrate 
4.9 Summary  
Concrete with replacement of PC by FA and GGBS resulted in low initial strength compared 
to 100PC concrete. The strength development of ternary concrete was complicated, which 
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highly dependent of types of cements including SF, LS and MK. The summarised results are 
outlined in Table 4.10, representing the strength development of cement combination 
concretes in comparison with 100PC concrete.  
Table 4.10 Strength development of concrete in comparison with 100PC concrete 
Combination 
Type,% 
% of 100PC mix Compressive Strength 
3 days 7 days 28 days 120 days 
100PC 100 100 100 100 
70PC30FA 51-67 66-76 72-79 87 
50GGBS 60-62 81-86 86-93 95-99 
30FA10LS 41-55 48-65 60-71 80-82 
50GGBS10LS 33-54 55-73 71-80 75-82 
30FA10SF 71-83 86-92 92-94 98-107 
30FA15MK# 56-70 69-84 78-90 88-93 
30FA15MK* 47-65 66-81 75-88 84-92 
50GGBS15MK 60 72-80 83-88 84-90 
                               #
 15% addition of MK; * 15% replacement of PC by MK 
Four current chloride test methods were used to evaluate the chloride resistance of concrete. 
Concrete blended with binary or ternary cement combinations showed higher chloride 
resistance than 100PC concrete from all used test methods. For cement combination 
concretes, however, the correlation between different test methods was weak.  
 
Microstructure of cement paste was measured by MIP. Incorporation of cements such as FA, 
GGBS, SF and MK, in general, improved the pore system of paste, reflecting as reduced 
porosity, decreased critical pore diameter and fine pore size distribution. Inclusion of FA and 
GGBS with certain replacement level increased total porosity at early age, but decreased 
greatly with curing time. At curing age of 28 days, FA or GGBS cement paste not only 
showed lower porosity, but reduced critical pore diameter and finer pore size distribution in 
comparison with 100PC paste. The benefits of SF and MK addition were observed from 3 
curing days.  
 
Constituent cements such as FA, GGBS and MK, consist of higher content of alumina, which 
can provide more binder site (AFm) which reacts with free chloride ion chemically to produce 
Friedel’s salt. The 70PC30FA and 50PC50GGBS paste bound 25% and 35% more chloride 
content than that of pure PC paste at w/c ratio of 0.45 when they were exposed to 1.0 M NaCl 
solution for 3 months. The relative chloride bound content of all pastes decreased with the 
reduction of w/c ratio from 0.45 to 0.35. MK cement showed more bound chloride content 
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when added in cement paste, due to higher alumina content. However, SF and LS cements 
had no contributions to formation of binder site, so reduced content of bound chloride when 
they were included by replacing content of PC.  
 
Concrete blended with constituent cements showed significant improvement on chloride 
resistance compared to pure PC concrete, based on either equal w/c ratio level or equal 
strength grade. The influence of FA inclusion was dependent of curing time where the 28-day 
improvement was insignificant but 90-day improvement increased greatly. Adding a third 
cement such as SF and MK at minor content in FA based concrete can compensate the low 
resistance at early age, however, this didn’t bring further benefits on chloride resistance 
compared to FA binary concrete at curing age of 120 days. Concrete blended with high 
cement content (475 kg/m3) didn’t bring more benefits on decreasing chloride durability 
indicator from chloride tests compared to that of 400 kg/m3. The 50PC50GGBS concrete was 
observed with high chloride resistance than that of 70PC30FA concrete at curing age of 28 
days, however, demonstrated lower chloride resistance than the latter concrete at age of 
120days.  
 
The effect of lowering w/c ratio below certain point showed no benefits on improving 
chloride resistance of cement combinations concrete. With lowering w/c from 0.45 to 0.35, 
100PC concrete indicated obvious reduction of chloride durability indicators in terms of both 
absolute value and relative value from chloride test methods, either for non-steady state/ 
steady state chloride migration or non-steady state chloride diffusion coefficients. Cement 
combinations concrete, including binary and ternary concrete, demonstrated limited absolute 
value reduction as well as less relative value with lowering w/c ratio, especially for the non-
steady state diffusion coefficient which involved both pore characteristics and chloride 
binding effect.   
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5 Chapter V. Results, Analysis and Discussions of 
Electrochemical Chloride Extraction Technique 
5.1 Introduction 
The investigation of the application of ECE on the chloride contaminated concrete not only 
assessed the effectiveness and efficiency of chloride removal from concrete, but evaluated the 
influence on the chloride resistance and other properties of concrete such as pore structure, 
carbonation. Furthermore, the technique of surface coating treatment was also undertaken on 
the desalinated concrete in order to prevent chloride re-ingress from exposure environment in 
order to increase the chloride resistance of concrete. Finally, the numerical model was used in 
this study to predict the influence of such two maintenance approaches on extending the 
service life of concrete structure.  
5.2 Controlled Chloride Ingress Depth  
The expected chloride penetration depth is controlled as 40 mm to ensure no chlorides reach 
at the position of embedded steel (50 mm cover thickness). On basis of the preceding chloride 
migration test (NT Build 492), the chloride penetration depth is determined by chloride 
migration coefficient, test duration and applied voltage on concrete sample. Therefore, 
selection of applied voltage and test duration, which are not sole value, can be determined 
from the controlled chloride penetration depth (40 mm) and known chloride migration 
coefficient of concrete, illustrated in Equation 5-1. 
( )
nssmD
LT
tU )273(91.02 +=⋅−
                                                                                     Equation 5-1 
 
where U is absolute value of the applied voltage, V; t is test duration, hour; T is average 
temperature in the anolyte solution, oC; L is the thickness of the specimen, mm; Dnssm is non-
steady state migration coefficient, ×10-12 m2/s. Here, values of U and t are interrelated, so 
they have many group solutions for the same sample. In the study, the applied voltage for 
each mix in NT Build 492 test was selected for the applied voltage in the chloride penetration 
test. The detailed information about the chloride penetration test and the chloride penetration 
depth for all mixes were summarised in Table 5.1. The resulting chloride penetration depths 
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were measured from chloride profile after chloride penetration test, which were shown close 
to the expected values, although the general increasing trend of tested ingress depths was 
found in all mixes. The chloride content profiles of concrete after chloride penetrated test are 
illustrated in Appendix D, Figure D.1. 
Table 5.1 Information of chloride test parameters for all mixes 
Cement Type,% w/c Ratio Dnssm,  10-12 m2/s 
Applied 
Voltage, V 
Test 
Duration, 
hours 
Expected 
Depth, mm 
Measured 
Depth, mm 
100 PC 
0.35 7.2 30 64 40 38 
0.45 9.6 25 54 40 40 
0.55 13.5 20 45 40 42 
70PC30FA 
0.35 7.6 35 50 40 44 
0.45 12.7 25 44 40 42 
0.55 19 25 28 40 45 
50PC50GGBS 
0.35 2.4 60 93 40 40 
0.45 3.3 50 72 40 45 
0.55 5.3 45 58 40 44 
5.3 Chloride Extraction Efficiency 
In the study, the extraction efficiency of ECE was expressed as the ratio of the removed 
chlorides during ECE process to the initial penetrated chlorides, in form of %. The 
application of ECE upon concrete, prior to the start of steel corrosion, did behave to be 
successful in all studied mixes. The chloride extracted efficiency was observed to be 
obviously related to the cement combination type, w/c ratio level and number of ECE cycles. 
5.3.1 Dissolution of the Bound Chloride Ions in Concrete 
Chloride that only dissolves in acid solution but not in water solution, commonly regarded as 
the chemical bound chloride in forms of Friedel’s salt or its analogy, are called as only acid-
soluble chloride in the study. Figure 5.1 illustrated the changes of only acid-soluble chloride 
within ECE process for all concretes. Generally, they reduced during the process of ECE 
treatment, reflecting the only acid soluble chlorides should dissolve into the pore solution 
during ECE process.  
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Figure 5.1 Distribution of only acid-soluble chloride ions in concrete during ECE process 
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The variation of reduction was great depending on cement combinations type and w/c ratio.  
The findings showed the first cycle of ECE reduced significant content of values in 
70PC30FA concrete, while minor content of values in both 100PC and 50PC50GGBS 
concrete. The second cycle of ECE decreased the only acid soluble chloride content 
insignificantly for all mixes. The reduction of values illustrated insignificant relation with the 
w/c ratio levels.  
5.3.2 The Effect of w/c Ratio 
The extraction efficiency of each cycle of ECE for concrete was listed in Table 5.2. The 
results indicated that the behaviour of extraction efficiency, which influenced by w/c ratio, 
varied greatly from cement combinations types. The most significant efficiency (56%) after 
the first cycle process was found in 70PC30FA concrete at w/c ratio of 0.55, but the greatest 
value (70%) after the two cycles was observed in 100 PC concrete at w/c ratio of 0.55. 
Table 5.2 The chloride extraction efficiency of each desalination in all mixes 
Cement Type, % w/c Ratio 
Extracted Chloride Efficiency, % 
First Desalination Second Desalination Total 
100PC 
0.35 44 6 50 
0.45 47 18 65 
0.55 47 23 70 
70PC30FA 
0.35 50 14 64 
0.45 55 10 65 
0.55 56 9 65 
50PC50GGBS 
0.35 41 16 57 
0.45 47 11 57 
0.55 48 8 56 
 
After two cycles of desalination in 100PC mix, total extraction efficiency was found to be 
significantly different between w/c ratio levels, where it was 70% for the w/c ratio of 0.55 
while only 50% for the 0.35 w/c ratio, shown in Figure 5.2. However, the variation on 
extraction efficiency was insignificant in both FA and GGBS binary combination concrete 
when w/c ratio goes from 0.35 to 0.55, with value of around 65% and 57%, respectively. For 
first cycle of desalination, the same trend that concrete at w/c ratio of 0.35 had an obvious 
lower chloride extraction efficiency than that at w/c ratio of 0.45 and 0.55 was observed in all 
three mixes. For the second cycle of desalination, however, the increasing w/c ratio caused 
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the increase in extraction efficiency value in 100PC concrete while reduced their values in 
both binary concretes.  
 
Figure 5.2 Chloride extraction efficiency of concrete 
5.3.3 The Effect of Cement Combinations  
Currently, limited publications are available with regards to the influence of adding FA and 
GGBS on the property of concrete during the process of ECE. To assess the influence of FA 
or GGBS on the quantity of extracted chloride, concrete with the same w/c ratio level and 
equal compressive strength grade from mixes were taken into consideration separately in the 
following section.  
5.3.3.1 At Equal Level of w/c Ratio  
As shown in Figure 5.2, at the same level of w/c ratio, those values are different in various 
cement combinations concretes. At high w/c ratio of 0.55, the highest value of 70% was 
expected to 100PC concrete, followed by FA binary concrete (65%), while the lowest one 
was for GGBS binary concrete, with 56%. When w/c ratio went down to 0.35, contrast results 
were found in the studied mixes, where 70PC30FA concrete showed highest efficiency value, 
7% and 14% more than that for 50PC50GGBS and 100PC concrete, respectively.  
5.3.3.2 At the Equal Grade of Compressive Strength of 55 N/mm2 and 65 N/mm2 
Interpolation analysis based on the relationship of compressive strength across w/c ratios was 
carried out to determine the “characteristic w/c ratios” of concrete with a 55 and 65 N/mm2 
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compressive strength at 28 days. The calculated results of concrete at each equal compressive 
strength grade are outlined in Figure 5.3. 
 
At compressive strength grade of 55 N/mm2, the greatest value of extraction efficiency was 
noticed in the 100PC concrete with 69%, followed by 65% for 70PC30FA concrete and 57% 
for 50PC50GGBS concrete after two cycles of desalination treatment. However, 70PC30FA 
concrete exhibited the highest first cycle of desalination efficiency with value of 54% 
compared to 47.5% for both 100PC and 50PC50GGBS concrete. When compressive strength 
increases to 65 N/mm2, the chloride extraction efficient of concrete generally decreases. Two 
cycles of desalination can extract about 65% of chlorides from 100PC and 70PC30FA 
concrete, and 58% from the 50PC50GGBS concrete. The efficiency of the first cycle was also 
found the highest value for 70PC30FA concrete.  
 
Figure 5.3 Chloride extraction efficiency of concrete at equal strength grade 
5.3.4 The Effect of Number of ECE Cycle 
In all cases, the first cycle of desalination can remove significant parts of chlorides from 
concrete compared to that removed during the second cycle. For 100PC concrete, the 
extraction efficiency of the second cycle of desalination was negligible at w/c ratio of 0.35 
but increased greatly with increasing w/c ratio, as high as 23% at w/c ratio of 0.55. Extraction 
efficiency values of 70PC30FA and 50PC50GGBS concrete in the second cycle of ECE were 
more significant at w/c ratio of 0.35 than those at 0.55 w/c ratio, although the absolute values 
were at low levels.  
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Figure 5.4 Normal distribution of chloride extraction efficiency (µ: mean; σ: variance) 
Irrespective of cement combinations type and w/c ratio, the normal distribution of each cycle 
of desalination was carried out and shown in Figure 5.4. The calculated probability results are 
with mean values of 48.4%, 12.7% and 61.6%, and standard deviations of 4.6%, 5.5% and 
6.2%, for the first, second and total cycle of desalination, respectively. It represents 95.4% 
(values lie within two standard deviations) possibility of that chloride extraction efficiency is 
between 39.2% and 57.6% during the first cycle of desalination, between 2.6% and 22.8% 
during the second cycle of desalination, and between 49.2% and 74.0% during the two cycles 
of desalination.  Therefore, the second cycle of desalination was ineffective in some cases.  
5.4 Re-ingress of Chlorides into Concrete 
The application of ECE technique was confirmed to successfully remove chloride ions from 
concrete matrix. However, such success cannot evidently ensure the extension of service life 
of concrete structure exposed to chloride environment. The further research on the property 
of extracted concrete can bring more insights into the evaluation of such repair technique. In 
this section, the results of chloride diffusion coefficients of the extracted and non-extracted 
concrete by placing them into chloride solution spraying environment were investigated. 
Additionally, two kinds of coating materials were coated on the extracted concrete surface for 
evaluating the effectiveness of coating treatment on minimising the chloride ingress.  
5.4.1 The Influence of ECE Process 
Indeed, ECE treatment not only extracts chloride ions from concrete, but influences the 
property of treated concrete in past reviews (Ismail and Muhammad, 2011, Miranda et al., 
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2007). Hereby, properties of concrete, such as pore structure, carbonation and chloride 
resistance, were evaluated for concrete with and without ECE treatment.  
5.4.1.1 Changes in Pore Structure Characteristics 
The pore structure characteristics of concrete involved porosity, critical pore diameter and 
relative ratio of large pore content and small pore content those were measured by MIP test. 
For each mix, three concrete samples included the reference concrete (C1) without any 
treatment, the chloride penetrated concrete (C2) after rapid migration test and desalinated 
concrete (C3) after two cycles of ECE.  
 
The process of both electrochemical chloride penetration and ECE treatment increased the 
porosity of concrete in all cases. Figure 5.5 showed the increment of porosity by each of two 
processes of electrical treatment, and total increase in comparison with the concrete without 
any treatment. The incremental porosity increased with the increasing w/c ratio in all mixes. 
Generally, the process of ECE increased further porosity than the process of chloride 
penetration. In addition, the increase of porosity was higher in 50PC50GGBS concrete in 
comparison with that in 100PC and 70PC30FA concrete for both treatments. At w/c ratio of 
0.45, the porosity of 50PC50GGBS concrete increased by 32% due to the chloride 
penetration, compared to 8% and 6% for 100PC and 70PC30FA concrete, respectively. For 
ECE treatment, the incremental porosity of 50PC50GGBS concrete displayed 39% in 
comparison with 19% and 15% for 100PC and 70PC30FA concrete, respectively. The 
observed increase in porosity was related to generated heat in concrete samples under the 
external electrical field (Castellote and Andrade, 1999), which resulted in the dissolution and 
removal of portlandite and ettringite. As seen in Figure 5.6, the generated heat (joule effect: 
Q = UIt) during chloride penetration and ECE test was much more in 50PC50GGBS concrete 
in comparison with 100PC and 70PC30FA concrete. The accumulated heat should increase 
the temperature and warm the concrete, which accelerated movement of charged ions.  
 
The critical pore diameter also changed during the chloride penetration and desalination 
process, although the variations were insignificant for each individual cement combinations 
concrete. However, the influence of electrical treatment on the critical pore diameter behaved 
differently for cement combinations type, with reduction of value in 100PC concrete while 
increase in both 70PC30FA and 50PC50GGBS concrete, seen in Appendix D Table D.3. 
Additionally, the further investigation on the pore size distribution found that pore content  
Chapter Five 
159 
 
 
Figure 5.5 Porosity increase of concrete during electrical treatment 
with any range sizes increased during electrical treatment, and relative fraction of the small 
capillary pores (d<100 nm) decreased. The influences of the small scale of concrete sample 
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and the effect of ITZ on the precise measurement of pore structure characteristics of concrete 
from MIP test cannot be ignored, especially for pore size distribution. Overall, after the 
chloride penetrated and desalination process, the properties of pore structure of concrete 
became worse when compared to that of non-treated concrete.  
 
Figure 5.6 Heat generation in different cement combinations concrete 
5.4.1.2 Changes in Carbonation Resistance 
The average carbonation depth measurements of the 100 PC and binary cement combination 
concretes, which included the reference and extracted concrete samples, subjected to 4% CO2 
environment for up to 10 weeks were measured. No carbonation depth was observed in 
concrete at w/c ratio of 0.35 in such test period. The total experimental results are given in 
Appendix Table D.5, where the carbonation depth of all mixes increases with increasing 
exposure duration. 
 
For the reference concrete without desalination, 70PC30FA concrete presented deeper depth 
of carbonation than that of 50PC50GGBS and 100 PC concrete across all w/c ratios and test 
duration exposure. Up to 10 weeks exposure, the carbonation depths showed highest value of 
6.0 mm in 70PC30FA concrete at w/c ratio of 0.55, which value was about two times more 
than that 100PC concrete, and value of 5.5 mm in 50PC50GGBS concrete. For w/c ratio of 
0.45, the same carbonation measurement in both 70PC30FA and 50PC50GGBS concrete was 
also two times more than that 100PC concrete, seen in Figure 5.7.  
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Figure 5.7 Carbonation depth of non-desalinated concrete at 10 weeks exposure 
The electrical treatment (penetration and ECE) decreased the carbonation resistance of all 
mixes, reflecting more experimental carbonation depths of the treated specimens. The 
incremental carbonation depths of concrete, including penetrated, desalinated and both 
treated specimens, in comparison with the reference concrete were illustrated in Figure 5.8 
(a)-(f). The findings indicated the penetration process increased the carbonation depth of 
concrete significantly at each exposure time. It was significant in the penetrated 70PC30FA 
concrete at w/c ratio of 0.55 in Figure 5.8 (a), where penetration increased carbonation depth 
by 1.0, 2.0, 3.5, and 4.0 mm at exposure time of 2, 4, 6 and 10 weeks respectively compared 
with 70PC30FA reference concrete. It mainly is attributed to the movement of hydroxyls 
toward steel, which reduced the pH value of pore solution in concrete surface, during the 
chloride penetration process. The lower the pH value of pore solution, the less of CO2 content 
it needs to neutralise. Another reason is the increase of porosity in concrete that accelerate the 
rate of CO2 ingress.  
 
For ECE treatment, the significant increase of carbonation depth was found at exposure of 2 
and 4 weeks for all mixes. The most increases were observed in 70PC30FA concrete, shown 
in Figure 5.8 (b), where 4.0 mm increase of depth was found at 2 weeks exposure. However, 
the increased carbonation depth by ECE decreased greatly with exposure time for all mixes. 
Especially for 70PC30FA concrete at w/c ratio of 0.55, and 100PC concrete at 10 weeks 
exposure in Figure 5.8 (a), (e) and (f), desalinated concrete showed no increase of 
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carbonation depth compared to the relevant reference specimen. Even for other mix, the 
increased depth was only 0.5 mm, shown in Figure 5.8 (b)-(d).  
 
 
Figure 5.8 Increase of carbonation depth of concrete at each exposure time 
Conversely to the penetration process, ECE process generates hydroxyls around embedded 
steel and drives them toward to concrete surface, which increases the pH value of concrete 
matrix. The high pH environment of concrete matrix will increase the carbonation resistance 
because more CO2 content is needed to neutralise. However, the electrical treatment 
increased the porosity of concrete, especially on the surface cover of concrete (Siegwart et 
al., 2003), which reduced the carbonation resistance of concrete. Therefore, at early exposure 
weeks, the carbonation depth increased quickly within surface cover of concrete (high 
porosity dominates). The increased porosity of concrete caused by ECE was significant at 
anode, but reduced with depth increased (Siegwart et al., 2003). The increase of pH offsets 
the increased porosity, or even surpasses it at given depth. Therefore, with CO2 penetrating 
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towards, the carbonation depth in some case, such as 100PC at 10 weeks exposure (high pH 
dominates), didn’t increase in desalinated concrete compared to the reference concrete.  
5.4.1.3 Changes in Chloride Resistance 
It is recognised that pore structure in concrete is a major parameter for chloride diffusion. The 
influence of ECE on pore structure of concrete has been discussed before. Thus, it is of 
significance to examine the effect of ECE on chloride resistance of concrete. As detailed in 
Figure 5.9, the acid-soluble chloride content profiles of the reference and desalinated concrete 
were plotted in (a), (b) and (c) for 100PC concrete, and concrete blended with FA and GGBS 
at w/c ratio of 0.45, respectively. The concrete samples were placed in the same spraying tank 
for 30 days. The chloride profile of desalinated concrete is the net penetration of chloride 
during spraying duration, by deducting the remaining chloride content from the chloride 
content of concrete after test.  
 
For 70PC30FA and 100PC concrete, the re-ingress chloride content was found higher in the 
desalinated concrete compared to that in the reference concrete at surface zone, but 
performed closely similar in the deep bulk matrix. However, the trend was totally different in 
50PC50GGBS concrete where the net penetrated chloride content was significantly higher in 
the desalinated sample in comparison with the reference sample at each measured depth, 
shown in Figure 5.9 (c). The Figures for concretes at w/c ratio of 0.35 and 0.55 were 
presented in the Appendix D Figure D.4, where showed the similar trends for each type of 
concrete. 
 
Additionally, the non-steady state diffusion coefficient (Dnss-I) and surface chloride content 
(Cs) of concrete with and without desalination treatment were determined from the regression 
analysis of the chloride ingress profile of concrete. Alternatively, another two calculation 
methods mentioned in section 3.10 were also used to calculate values of Dnss-II and Dnss-III 
those are outlined in Table 5.3.  
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Figure 5.9 Net chloride profile of concrete with and without desalination process 
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Table 5.3 Chloride diffusion coefficient (Da, 10-12m2/s) of concrete 
with and without desalination treatment from three different calculation methods 
Cement 
Type,% 
w/c 
Ratio 
  
Calculation I 
[Dnss-I] 
Calculation II 
[Dnss-II] 
Calculation III 
[Dnss-III 
(depth, mm)] 
Reference Desalinated Reference Desalinated Reference Desalinated 
100PC 
0.35 
Cs 0.39% 0.40% 
Da 4.8 4.4 1.9 2.2 3.5 (11.0) 3.7 (11.2) 
0.45 
Cs 0.45% 0.49% 
Da 6.6 5.6 3.0 3.0 4.1(11.8) 4.3(12.2) 
0.55 
Cs 0.54% 0.51% 
Da 8.4 8.2 4.3 3.9 6.1 (14.5) 6.6(15.0) 
70PC30FA 
0.35 
Cs 0.31% 0.33% 
Da 4.1 4.4 0.6 0.7 2.6 (9.5) 2.8 (9.8) 
0.45 
Cs 0.36% 0.41% 
Da 6.1 6.1 0.7 1.0 3.7(11.2) 3.9(11.5) 
0.55 
Cs 0.44% 0.51% 
Da 8.3 8.3 1.1 1.9 5.1(13.2) 6.6(15.0) 
50PC 
50GGBS 
0.35 
Cs 0.31% 0.53% 
Da 2.9 5.1 0.3 2.1 2.3(8.8) 3.7(11.2) 
0.45 
Cs 0.43% 0.63% 
Da 3.5 6.0 0.5 2.8 2.7 (9.7) 3.9(11.5) 
0.55 
Cs 0.49% 0.69% 
Da 4.9 7.8 0.8 3.9 3.4 (10.8) 4.9 (13.0) 
Calculation I: Current calculation method; Non-Steady state chloride diffusion coefficient: Dnss-I; 
Calculation II: Best-fit analysis based on free chloride profile; Dnss-II; 
Calculation III: Calculation of the chloride penetration depth; Dnss-III. 
 
Calculation I: For 100PC and 70PC/30FA concrete with w/c ratio from 0.35 to 0.55, the 
chloride diffusion coefficients of desalinated concrete showed slight reduction compared to 
the non-desalinated concrete. Such changes are regarded as insignificant when coefficients of 
variation of test results have been taken into account (Dnss~15% in Table 3.6). However, for 
50PC50GGBS concrete, it was about two times increase in the chloride diffusion coefficients 
for the desalinated concrete more than that for the reference concrete. At w/c ratio of 0.45, it 
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was a chloride diffusion coefficient of 6.0×10-12m2/s in the desalinated concrete while only of 
3.5×10-12m2/s in the reference concrete. As seen in Figure 5.9 (a), the acid-soluble chloride 
profiles over depth for 100PC concrete samples at w/c ratio of 0.45 displayed great 
differences within 2-4 mm depth, while two curves behaved similarly beyond. In Figure 5.10 
(c) for 50PC50GGBS concrete, the profile curve of the desalinated concrete performed much 
higher than that of the reference concrete, which showed chloride ions transport easier and 
deeper in the desalinated concrete.  
 
Base on such calculation method, almost same Dnss-I values were determined of 100PC and 
70PC30FA concrete at the same w/c ratio, presenting insignificant influence of the 
desalination process on the chloride resistance of concrete. However, for concrete blended 
with GGBS, the desalination process on the concrete increased its chloride diffusion 
coefficient significantly.  
 
Calculation II: The non-steady state chloride diffusion coefficients calculated from the 
analysis of free chloride profile showed very low magnitude for the desalinated and non-
desalinated concrete. The findings stated the difference of chloride resistance of concrete 
with and without desalination treatment were dependent of cement combinations types and 
w/c ratio. For 100PC concrete, the chloride resistance of concrete was not changed by the 
process of desalination, denoting the same chloride diffusion coefficient (Dnss-II) between 
desalinated and non-desalinated concrete. They were of chloride diffusion coefficients of 1.9, 
3.0 and 4.3×10-12m2/s for the reference concrete, and 2.2, 3.0, and 3.9×10-12m2/s for the 
desalinated concrete at w/c ratio of 0.35, 0.45 and 0.55, respectively. With respect to 
70PC30FA concrete, the differences were insignificant at w/c ratio of 0.35 and 0.45, 
however, were significant for 0.55 w/c ratio. The Dnss-II value of the desalinated concrete was 
1.9×10-12m2/s, approximately two times larger than that of the reference concrete with 0.55 
w/c ratio. Additionally, significant differences of Dnss-II values were observed between the 
reference and desalinated concrete blended with 50PC50GGBS. The desalination process 
increased Dnss-II values significantly, for example 2.8×10-12m2/s and 3.9×10-12m2/s for the 
desalinated concrete compared to value of 5.0×10-13m2/s and 8.0 ×10-13m2/s for the reference 
concrete at w/c ratio of 0.45 and 0.55, respectively.  
 
Calculation III: The Dnss-III values derived from the chloride ingress depth showed good 
linear relationship with values from Calculation I. Based on 18 groups of data, the 
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determination coefficient is 0.86 which presents at least 86% of the total variation in 
Calculation III can be determined by the linear relationship with Calculation I. The influence 
by the desalination treatment on the chloride resistance of concrete was as similar as that 
discussed in Calculation I.  
 
Overall, three calculation methods indicated that ECE process increased the chloride 
diffusion coefficient of concrete significantly of 50PC50GGBS concrete, but didn’t affect the 
value of 100PC and 70PC30FA concrete. Although the Calculation II method is more 
closely to real chloride diffusion process, it is only taken as a reference method because the 
determination of free chloride profile in such method needs to be verified in future work. A 
good correlation between Calculation I and Calculation III provides confidences for the use 
of values from Dnss-I in numerical model due to the wide use in current researches. It is 
noticed that sometimes Dnss-I cannot be calculated directly form Calculation I (section 5.4.2), 
but from Dnss-III on basis of their good relationship.   
5.4.2 The Influence of Coating Materials on Chlorides Ingress 
Coating materials, including RheoFIT® 790 (Coating I) and Silane (Coating II), penetrated 
into several millimetres depth and lined the open pores on concrete surface, which should 
retard or prevent the chloride penetration from exposure environment. The chloride 
penetration profiles of concrete consisting of (i) desalinated samples without surface 
treatment, (ii) coated with coating I and (iii) coating II, were illustrated in Figure 5.10 (a), (b) 
and (c), for 100PC, 70PC30FA and 50PC50GGBS concrete across all w/c ratios, 
respectively. It displayed great benefits from applying surface coating treatment, not only on 
preventing chloride accumulation in depth, but reducing chloride penetration depth, except 
for 100PC concrete treated with Coating I. For concrete blended with FA or GGBS, both 
coating materials performed significant enhancement on preventing chloride ingress, where 
the Coating II material showed stronger chloride resistance than the Coating I material.  
 
It is known that coating materials have significant effect on concrete surface property rather 
than the bulk matrix property inside. The effect retarded or prevented the penetration and 
accumulation of chlorides in the surface zone of concrete, which was considered as the 
original driving force for chloride ions diffusing forward into concrete. Thus, controlling Cs  
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Figure 5.10  Net chloride penetration profile of samples after ECE and coating materials 
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on the surface zone has no doubt influenced the whole process of chloride transport. Because 
of the short test period of 30 days, the penetration depths of chloride ions in concrete samples 
with coating treatment were limited for w/c ratio of 0.35 and 0.45, where the experimental 
data points were insufficient to commence the regression analysis (Calculation I). Based on 
the preceding observation of good relationship between Calculation I and Calculation III, 
the Dnss-I values can be derived from the values of Dnss-III. All results were summarised in 
Table 5.4.  
Table 5.4 Chloride diffusion coefficient of coated concrete from three methods 
Cement 
Type,% 
w/c 
Ratio 
Chloride Diffusion Coefficient, 10-12m2/s 
Calculation I (Dnss-I) Calculation III (Dnss-III)(depth,mm) 
Reference Coating I Coating II Reference Coating I Coating II 
100PC 
0.35 4.4 1.8 0.2 3.7(11.2) 1.2(6.3) 0.03(1.0) 
0.45 5.6 4.1 0.6 4.3(12.2) 2.8(9.8) 0.3 (3.2) 
0.55 8.2 7.7 2.0 6.6(15.0) 5.8(15.8) 0.8 (5.3) 
70PC30FA 
0.35 4.4 0.7 0.2 2.8(9.8) 0.4(3.5) 0.03(1.0) 
0.45 6.1 2.1 0.6 3.9(11.5) 1.2(6.5) 0.3 (3.2) 
0.55 8.3 5.2 1.0 6.6(15.0) 2.3(8.8) 0.5 (4.3) 
50PC 
50GGBS 
0.35 5.1 0.7 0.2 3.7(11.2) 0.4(3.5) 0.03(1.0) 
0.45 6.0 1.2 0.5 3.9(11.5) 1.1(6.0) 0.2 (2.8) 
0.55 7.8 4.0 1.1 4.9(13.0) 2.3(8.8) 0.5 (4.3) 
 
Calculation III: Penetration depth was an indicator to evaluate the chloride resistance of 
concrete and also can be transferred into Dnss-III value based on theoretically solving the 
error function. As seen in Table 5.4, significant decrease in chloride penetration depth as well 
as calculated Dnss-III values were noticed in all concrete samples under coating II treatment, 
and the benefits became more obvious with decreasing w/c ratio from 0.35 to 0.55. The 
application of coating II material resulted in the same depth of chloride penetration for all 
mixes, which were related to w/c ratio level rather than cement combination types, as seen in 
Figure 5.11 (b). For coating I material, the same trend was found in 70PC30FA and 
50PC50GGBS concrete where the protection of coating was effective, seen in Figure 5.11 (a). 
However, it behaved differently on 100 PC concrete where the effect of coating I was 
insignificant. The observation of concrete with different cement combinations under effective 
coating protection showing same chloride penetration depth at same w/c ratio was mainly due 
to the short test duration, where the passed chlorides over coating layer were limited.  
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Figure 5.11 Chloride penetration depth of concrete under coating protection 
5.5 Service Life Prediction 
Because the time-dependent diffusion coefficients (Da(t)) and surface chloride concentration 
(Cs(t)) can easily be found numerically, subsequently, the numerical model can be utilised to 
well predict service life of concrete, especially for concrete with coating protection. In this 
study, the concrete repair methods included ECE technique and coating materials protection 
those were applied to extend the service of concrete structure below the designed working 
life. In the prediction model, the property of concrete is quantitatively identified with certain 
Da(t) and Cs(t) those are different for the same concrete structure after different repaired 
method.  
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Evaluation of the chloride re-ingress profile of concrete demonstrated ECE treatment 
changed the chloride diffusion coefficient depending on cement combination types, but had 
an insignificant influence on the surface chloride content. It displayed the same Cs(t) but 
different Da(t) for desalinated concrete when compared to the reference concrete in the 
model study. However, for concrete with coating protection, the surface chloride content was 
extremely reduced. The Calculation III method also indicated a significant decrease in the 
chloride diffusion coefficient (Dnss-III). Due to the questionable determination chloride 
diffusion coefficient method, it is still uncertain about whether the influence of coating 
protection was only on the surface chloride content or chloride diffusion value of concrete or 
both. Subsequently, the mechanism of coating protection was divided into two groups of 
distinguishing conditions in this study: the minimum effect and the maximum effect.  The 
mechanism of the minimum effect of coating protection only involved the improvement on 
preventing the accumulation of surface chloride content, while that of the maximum effect 
contained both the decrease in surface chloride content and chloride diffusion coefficient. 
Additionally, another uncertain parameter was the working life of the used coating material 
on concrete surface, which also played a significant role on the predicted service life of 
concrete. Here, it was assumed to work 10, 25, 50 and 100 years on concrete surface for the 
used water-proofing material. Because of the lack of reviews on how the coating protection 
changes the surface chloride content and chloride diffusion value of concrete, in this study, 
the linear function was used to describe the variables varying with service life. For example, 
if the coated water-proofing material has 25-year service life, and the coated material is 
beneficial to reduce both Cs and Da so, the treatment of the input values of Cs and Da are as 
following: the influence of the coating material on the Cs is regarded as to let Cs increase 
linearly from initial value (C0) to maximum Cs within 25 years, that is Cs(t) = C0+(Cs-
C0)/25; The influence on the chloride diffusion value is increasing Da from the coated 
chloride diffusion value (Da1) back to value (Da2) of concrete without coated within 25 
years, that is Da(t)=Da1+(Da2-Da1)/25. Combined all elements, 14 different conditions for 
each mix are taken into account in the model, outlined in Table 5.5. 
 
In this numerical model, concretes blended with 30% FA and 50% GGBS cement with w/c 
ratio of 0.45 were taken into account of predicting service life with multi treatments. 
Additionally, four different categories for each mix were considered with different ageing 
factors and cement hydration duration, such as ageing factor of 0.7 or 0.6 for FA binary 
Chapter Five 
172 
 
concrete and 0.62 or 0.42 for GGBS binary concrete under 10 or 25 years cement hydration 
(Abu Hassan, 2012, Bamforth, 2004). 
Table 5.5 Descriptions of codes in the numerical model 
Code Descriptions 
F- 70PC30FA combination concrete at w/c ratio of 0.45 
G- 50PC50BS combination concrete at w/c ratio of 0.45 
R Reference concrete sample without any treatment 
D Desalinated concrete sample 
DCI-1 Desalinated sample with coating I, coating only works on Cs(t) for 10 years  
DCI-2 Desalinated sample with coating I, coating only works on Cs(t) for 25 years  
DCI-3 Desalinated sample with coating I, coating only works on Cs(t) for 50 years  
DCI-4 Desalinated sample with coating I, coating only works on Cs(t) for 100 years  
DCI-5 Desalinated sample with coating I, coating  works on Cs(t) and Da(t) for 10 years  
DCI-6 Desalinated sample with coating I, coating  works on Cs(t) and Da(t) for 25 years  
DCI-7 Desalinated sample with coating I, coating  works on Cs(t) and Da(t) for 50 years  
DCI-8 Desalinated sample with coating I, coating  works on Cs(t) and Da(t) for 100 years  
DCII-1 Desalinated sample with coating II, coating  works on Cs(t) and Da(t) for 10 years  
DCII-2 Desalinated sample with coating II, coating  works on Cs(t) and Da(t) for 25 years  
DCII-3 Desalinated sample with coating II, coating  works on Cs(t) and Da(t) for 50 years  
DCII-4 Desalinated sample with coating II, coating  works on Cs(t) and Da(t) for 100 years  
5.5.1 Example I 
Concrete: 70PC30FA, w/c = 0.45;  
Concrete character: ageing factor: n=-0.7, -0.6; cement hydration duration: h =10, 25 years; 
                                  (A: n=0.7, h=10y; B: n=0.7, h=25y; C: n=0.6, h=10y; D: n=0.6, h=25y); 
Cs(t): maximum content is 1.0% by mass of concrete; one year to achieve maximum Cs for 
uncoated concrete; for coated concrete,  it depends working life of coating material; 
Da(t): data from Table 5.3 and 5.4 
Ccrit:  0.07% by mass of concrete; 
xd: 50 mm; 
ECE technique: it is conducted when chloride content achieves 0.02% at depth of 50 mm 
(25, 35, 14 and 15 years for concrete A, B, C and D, respectively), and assumed of 65% 
extraction efficiency. 
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Coating materials: two type of coating materials, named as Coating I and II, with 
assumption of 10, 25, 50 and 100 years of working life 
 
The predicted service lives of such concrete structure under different repair techniques were 
illustrated in Figure 5.12. The predicted service life of concretes displayed great variations 
depending on different characters of concrete (A, B, C and D), and concrete under different 
treatment conditions. Concrete with the longest cement hydration duration and the largest 
ageing factor (character B) showed the longest service life while concrete with the lowest 
cement hydration duration and the smallest ageing factor (character C) had the shortest life in 
every single condition. Compared to the reference concrete, the application of ECE prior to 
the steel corrosion extended service life of concrete by between 47% and 66%. The life 
extension was more pronounced for concrete with lower ageing factor (0.6) and the longer 
hydration time (25 years) than that with higher ageing factor (0.7) and shorter hydration time 
(10 years).  
 
Figure 5.12 Example I for 70PC30FA concrete at w/c ratio of 0.45 
Furthermore, extracted concrete coated with coating materials provided more benefits on 
extending service life those were highly depending on different working mechanism of 
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coating materials. It is noticed that concrete coated with Coating II (assuming 100 years of 
working life) caused as much as 2.3-3.4 times of service life in the maximum effect 
condition, while as 1.9-2.2 times increase of service life in the minimum effect condition in 
comparison with the reference concrete. In addition, the influence of working period of 
coating materials on extending service life was researched, and the extra prolonged service 
lives compared to the desalinated concrete without coating protection were presented in 
Figure 5.13. Under the minimum effect of coating material, 10-years working period of 
coating material increased by about 3 years life of concrete structure, while 100-years life of 
coating material extended by 20 years life of concrete structure. For the maximum effect 
condition, 10-years period of coating protection prolonged service of concrete structure by 5-
6 years, and 100-years period of protection increased by about 50 years of extension for 
coated concrete structure. The working life of coating materials played a key role in 
improving the chloride resistance of treated concrete structure, especially taking the 
maximum effect of coating material into account. Although the coating II reduced much more 
chloride diffusion values than coating I, 6.4×10-13 compared to 2.22×10-12 m2/s, the service 
life of concrete coated with two separate coating materials did not show significant 
difference, only about 4-5 years in variation.  
 
Figure 5.13  Relationship between extended service life (PC/FA) and working life of coating material 
Take 70PC30FA concrete with 25 years cement hydration duration and ageing factor of -0.6 
for example, the predicted service life of concrete without maintenance approach exposed 
chloride environment was about 38 years. The application of ECE treatment on concrete at 
age of its servicing 17 years extended the service life to 63 years, by increasing more 25 years 
than the non-ECE treated concrete. Additionally, when Coating II material was coated on the 
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desalinated concrete, it prolonged further the service life of concrete structure. If the Coating 
II material was assumed to work for 50 years, the maximum predicted service life of concrete 
is 93years, while the minimum predicted value is 77 years, which still double the original 
service life of concrete structure. If the Coating II was supposed to be active for 100 years, 
the predicted service life of concrete is of the maximum life as 120 years and the minimum 
life as 83 years. The predicted chloride ingress process in concrete under different mechanism 
conditions were presented in the Appendix D Figure D.2. 
5.5.2 Example II 
Concrete: 50PC50GGBS, w/c = 0.45;  
Concrete character: ageing factor: n=-0.62, -0.44; cement hydration duration: h =10, 25 
years; (A: n=0.62, h=10y; B: n=0.62, h=25y; C: n=0.44, h=10y; D: n=0.44, h=25y); 
Cs(t): maximum content is 1.0% by mass of concrete; one year to achieve maximum Cs for 
uncoated concrete, for coated concrete, it depends working life of coating material; 
Da(t): data from Table 5.3 and 5.4. 
Ccrit:  0.07% by mass of concrete; 
xd: 50 mm; 
ECE technique: it is conducted when chloride content achieves 0.02% at depth of 50 mm 
(34, 49, 13 and 13 years for concrete A, B, C and D, respectively), and assumed of 57% 
extraction efficiency. 
Coating materials: two type of coating materials, named as Coating I and II, with 10, 25, 50 
and 100 years of working life 
 
Figure 5.14 showed the service lives of such concrete structure under 14 different conditions. 
The concrete with character B serviced for 98 years without any repair treatment. The values 
of predicted service life also displayed significant differences from concrete with different 
ageing factors and cement hydration durations. Compared to the reference concrete, the 
application of ECE prior to the steel corrosion induced less 5% extended service life of 
concrete. This was mainly due to the approximately two times increase of chloride diffusion 
coefficient in concrete after ECE treatment.  
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Figure 5.14 Example II 50PC50GGBS concrete at w/c ratio of 0.45 
Alternatively, extracted concrete coated with coating materials offered significant extension 
of service life, typically it was considered under the maximum effect condition. The 
improvement by coating protection treatment was more pronounced in concrete at low ageing 
factor of -0.4 than that of -0.62. The study of the influence of working life of coating material 
on prolonging service life of concrete was undertaken, and the results were plotted in Figure 
5.15. When coating protection was regarded only reducing Cs on concrete surface, the 
extension of valid life of coatings from 10 to 100 years only led about 5 years increase in the 
service life of coated concrete structure. However, if coating protection influenced on both Cs 
and Da, the valid working life of coating protection was significant for the predicted results 
of coated concrete structure. With the active working period of coating protection rising from 
10 years to 100 years, the respective extension of service life of coated concrete may increase 
from 6 years to 50 years.  
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Figure 5.15  Relationship between extended service life (PC/GGBS) and working life of coating 
material  
 
Additionally, the service life of concrete under maximum effect coated with two separate 
coating materials indicated nothing different, although the coating II reduced much more 
chloride diffusion values than coating I, 5.3×10-13 compared to 1.16×10-12 m2/s. 
 
With respect to 50PC50GGBS with 25 years cement hydration duration and ageing factor of -
0.62, its natural service life was about 98 years when exposed to chloride environment 
without any maintenance treatment. When the chloride content at depth of 50 mm 
accumulates to level of 0.02% by weight of concrete at age of 46 years, the desalination 
treatment was conducted with assumed 57% chloride extraction efficiency. The desalination 
approach prolonged its service life insignificantly, with only about 2 years extension of the 
service life. When the surface coating treatment was applied on extracted samples, it induced 
benefits on prolonging predicted life. However, the extension was negligible under the 
condition of minimum effect by coating material. For Coating II with 100 years active 
working life, the minimum effect only extended predicted life to 118 years, by 20% increase 
than that of the reference concrete. Additionally, the maximum effect resulted in pronounced 
increase of service life, up to 158 years. The predicted chloride ingress process in concrete 
under different condition was presented in the Appendix D Figure D.3. 
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5.6 Summary 
ECE technique is effective on both 100PC concrete and concrete blended with constituent 
cements at w/c ratio as low as 0.35 at early age in this study. During the process of ECE, not 
only free chloride in pore solution but bound chloride can dissolve into pore solution and be 
removed from the concrete matrix.  
 
The overall properties of concrete definitely changed compared to that without electrical 
treatment, such as pore structure, carbonation and chloride resistance in this study. The 
porosity increased during both chloride penetration and ECE process, and the most increase 
was found in 50PC50GGBS concrete. The chloride penetration process worsened carbonation 
resistance of all concretes subject to the CO2 environment with comparison to the 
corresponding reference concrete at all exposure time. ECE process increased carbonation 
depth of concrete at early exposure weeks, however, showed insignificant increase up to 10 
weeks exposure compared with the reference concrete.  
 
The acid-soluble chloride profile illustrated insignificant variations in 100 PC and 70PC30FA 
desalinated concrete, however about two times increase in the desalinated 50PC50GGBS 
concrete when compared to the relevant non-desalinated concrete. Although the magnitude of 
values were different from each test method, the chloride diffusion coefficients of 100PC and 
70PC30FA desalinated concrete showed insignificant change in comparison with non-
desalinated sample, but they had significant increase of that in 50PC50GGBS desalinated 
concrete compared to the reference concrete.  
 
Coating materials showed significant effect on prevent chloride re-ingress into concrete, with 
the findings of significant reduction on the Cs and chloride penetration depth in coated 
samples. The prevention effect performed more remarkably at w/c ratio of 0.35 than 0.55. 
Coating II (Silane) material performed better prevention of chloride ingress than that done by 
Coating I (RheoFIT®790) material in all studied cases. In addition, Coating I showed 
insignificant effectiveness on preventing chloride ingress when used on the desalinated 100 
PC concrete.  
 
For 70PC30FA concrete, the application of ECE treatment prior to the corrosion of embedded 
steel can extend service life of concrete to about 50% longer than the reference one. Surface 
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coating treatment brings significant extension of service life when considered both their 
effects on Cs and Da of concrete, but insignificant extension when only taken account of the 
effect on Cs. The working life of coating materials on concrete is also of important. However, 
the beneficial extension is insignificant for 50PC50GGBS concrete, because the tested 
chloride diffusion coefficient of post desalinated concrete indicates double increase compared 
to the reference concrete.  
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6 Chapter VI. Conclusions and Future Works 
6.1 Introduction 
This research was conducted to enhance the service life of concrete structures under chloride 
attack, by means of two ways consisting of the optimisation of concrete mix design for new 
structure and post maintenance for chloride contaminated structure. In facilitating discussions 
the objectives originally presented in Chapter one are restated and answered in Section 2, 
while Section 3 is related to the further works in future.  
6.2 Conclusions 
In Phase I 
Objective i: Investigate the suitability of contemporary natural long-term and electrical 
accelerated short-term chloride test methods applied on the optimised design concretes. 
 
The collected results were clearly different for concrete blended with constituent cements and 
pure PC concrete from the selected four contemporary chloride tests. The rapid permeability 
chloride test records all passed ions (such as Ca2+, K+, Na+, OH-, Cl-), during 6 hours, which 
is not accurate for  only presenting the chloride resistivity of concrete. The rapid migration 
test is suitable to assess the chloride resistance of concretes, where the test conditions are 
more aggressive for higher chloride performance concrete. Nevertheless, a good relationship 
was observed between rapid chloride permeability test and rapid migration test. The rapid 
permeability chloride test is considered as a good option for ranking the chloride resistance of 
concrete.  
 
The Multi-Regime test measures the steady state chloride migration of concrete, which 
mainly represents the pore structure property rather than the overall property of concrete. 
Indeed, the relationship between the Multi-Regime test and rapid migration test was weak 
although they both belong to the category of electrical accelerated test methods. The natural 
chloride immersion test (90 days exposure under 3% NaCl solution by mass) is suitabe used 
on pure 100PC concrete, but uncertain for the high chloride resistance concrete blended with 
constituent cements where the chloride penetration is still limited. In this study, the 
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relationships between the accelerated test methods and natural immersion chloride test 
method were weak.  
 
Objective ii: Determine the influences of the added constituent cements on concrete 
properties consisting of compressive strength and chloride resistance. 
 
The 30% or 50% replacement level of PC by FA and GGBS result in low initial strength 
compared to the 100PC concrete, although the binary concretes show greater development 
rate, their strength levels are still lower than the 100PC concrete up to 120 test days. Ternary 
concrete blended with LS cement will further decrease the strength development over all test 
ages. Incorporation of SF as the third cement can improve the strength development at both 
early and later age. MK cement influence compressive strength development differently when 
it is added in FA and GGBS based concrete. The 55PC30FA15MK concrete displays higher 
strength development compared to 70PC30FA concrete, while the 35PC50GGBS15MK 
concrete decreases strength values in comparison with 50PC50GGBS concrete.  It is noticed 
that the increase of strength with curing time is more pronounced in both binary and ternary 
concrete than that in 100PC concrete, typically after 28 days when the strength development 
of the 100PC concrete remains at a very slow level.  
 
Concrete blended with constituent cements led to a significant increase in chloride resistance 
in comparison with 100PC concrete at equal strength grade, except of those added with FA at 
early age. The latent pozzolanic property of FA resulted in low chloride resistance of 
concrete at 28 days, such as 70PC30FA and 60PC30FA10LS concrete. When it was at age of 
90 days or later they showed better chloride resistance even than other binary or ternary 
concrete because of their substantial increase degree of activation. The addition of reactive 
SF and MK compensated the shortcoming of FA (latent pozzolanic property), increased 
chloride resistance of concrete greatly at 28 days, but did not bring benefits at age of 120 
days. GGBS (50%) cement addition increases the chloride resistance significantly at both 28 
and 90 curing days, however, the increase rate is insignificant with curing time. 
35PC50GGBS15MK concrete shows lower chloride resistance compared with 50PC50GGBS 
concrete across all w/c ratios. Concrete blended with high cement content (475 kg/m3) did not 
bring more benefits on decreasing chloride durability indicator from chloride tests compared 
to that of 400 kg/m3.  
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Objective iii: Analyse the impact of the constituent cements and lowering w/c ratio on 
pore structure and chloride binding property of the paste in concrete.    
 
Compared to pure PC paste, binary cement paste blended with 30% FA or 50% GGBS 
increased porosity and critical pore diameter of paste at early age because of dilution of PC 
content, but finally reduced them at later age due to secondary pozzolanic reaction. The 
following incorporation of SF or MK as third cement in ternary cement paste reduces the 
porosityand critical pore diameter even at early age, and produces more small capillary pores 
due to their high reactive property.  
 
Constituent cements such as FA, GGBS and MK, consist of higher content of alumina, which 
can provide more binder site (AFm) that reacts with free chloride ion chemically to produce 
Friedel’s salt. The 30% FA or 50% GGBS addition in cement paste can bind 25% and 35% 
more chloride content than that of purely PC concrete at w/c ratio of 0.45 when they are 
exposed to 1.0 M NaCl solution. The relative chloride bound content will decrease with 
lowering w/c ratio. MK cement showed better chloride binding capacity when it was blended 
in cement paste, due to high alumina content. However, SF and LS cements bring no 
contribution to formation of binder site, so do their binding capacity.  
 
On one hand, lowering w/c ratio also reduces the porosity and critical pore diameter and 
increases relative fraction of small capillary pores in all mixes. The steady state migration 
coefficient mainly represents chloride transport in pore structure of concrete without 
influence of chloride binding effect. With w/c ratio decreasing from 0.45 to 0.35, a trend of 
an approximate linear decrease in the steady state migration coefficient of concrete was 
observed for 100PC, 70PC30FA, and 50PC50GGBS concrete with about general 50% 
decrease, while only 30% to 35% decrease for ternary concrete. On the other hand, however, 
lowering w/c ratio reduces the chloride bound content of cement pastes when they are 
exposed to chloride solution. This may reduce chloride resistivity of concrete to some extent. 
For the non-steady state migration coefficient, the results demonstrated less decrease, 
however, the general degree of values reduction from w/c of 0.45 to 0.40 is more pronounce 
than that from w/c ratio of 0.40 to 0.35.  
 
Objective iv:  Investigate the influences of lowering w/c ratio on improving the chloride 
durability of concrete.  
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The non-steady state chloride diffusion coefficient, which considers both pore structure 
characteristics and chloride binding effects, represents the overall chloride resistiviry of 
concrete. The influence of lowering w/c ratio in high chloride resistance concrete is twofold: 
(i) enhance the pore structure of concrete; (ii) reduce the chloride bound content of concrete. 
The balance of two aspects determines the overall property of concrete exposed to chloride 
attack. The decrease of non-steady state chloride diffusion coefficients of high chloride 
resistance concrete from w/c ratio of 0.40 to 0.35 was insignificant in both binary an ternary 
concrete, especially in some ternary concretes the reduction of values was insignificant from 
w/c ratio of 0.45 to 0.35.  
 
In Phase II: 
Objective v: Evaluate the efficiency of the desalination maintenance approach on high 
chloride resistance concrete. 
 
Desalination technique is effective on both 100PC concrete and concrete blended with FA or 
GGBS at w/c ratio as low as 0.35 at early age in this study. During the process of desalination 
treatment, both chloride bound by solid and free chloride in pore solution are extracted from 
the concrete matrix. However, the extraction efficiency is dependent on cement combination 
types, w/c ratios and cycles of desalination. For 100PC concrete, the extraction efficiency is 
greatly related to w/c ratio during both first and second cycle of desalination. Concrete at w/c 
ratio of 0.35 only generated 50% efficiency after two cycles of desalination when compared 
to the 70% efficiency of concrete with 0.55 w/c ratio. The second desalination process is 
necessary for 100PC concrete at w/c ratio of 0.45 and 0.55 rather than that of 0.35. The 
extraction efficiency of binary concrete increased with increasing w/c ratio during the first 
desalination period, but decreased in the second desalination. The overall extraction 
efficiency after two cycles of desalinations showed no difference between different w/c 
ratios.  
 
Comparison of extraction efficiency at equal strength level of 55 N/mm2 and 65 N/mm2, 
concrete blended with FA indicated the most significant value during the first cycle of 
desalination, while 100PC and 50PC50GGBS concrete showed almost the same result. After 
two cycle of desalination, 100PC concrete behaved the highest value of 69% and 65%, 
followed by 70PC/30FA concrete of 65% and 64%, and 57% and 58% in 50PC/50BS 
concrete at equal strength of 55 N/mm2 and 65 N/mm2, respectively. 
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Objective vi: Assess the influences of the desalination on the performance of chloride re-
ingress through concrete, on a range of concretes composed of PC, FA and GGBS. 
 
 
Porosity: After desalination treatment, the overall properties of concrete definitely changed 
compared to that without treatment, such as pore structure, carbonation and chloride 
resistance in this study. The porosity showed increase in post desalinated concrete across all 
cement types, the most increase was found in 50PC50GGBS concrete. The critical pore 
radius became larger in post desalinated binary concrete when compared to the non-
desalinated concrete. However, it displayed slightly reduction for 100PC concrete.  
 
Carbonation: Both electrical processes (the chloride penetration and desalination) behaved 
differently on carbonation property of concrete. The chloride penetration process worsens 
carbonation resistance of all concretes subject to the CO2 environment in comparison with the 
corresponding reference concrete at all exposure time. Desalination process increase 
carbonation depth of concrete at early exposure weeks, however, shows insignificant increase 
up to 10 weeks exposure compared with the reference concrete.  
 
Chloride Ingress: The chloride resistance of concrete is expressed as in the form of chloride 
diffusion coefficient, which is calculated from three different methods. Although the 
magnitude of values are different from each test method, the calculated results generally 
showed the slight increase of chloride diffusion coefficient in 100PC and 70PC30FA 
concrete, and significant increase of values in 50PC50GGBS concrete. As seen in the results 
from the regression of the acid-soluble chloride profile, almost nothing changeable was found 
in the 100PC and 70PC30FA concrete, however about two times increase occurred in the 
desalinated sample compared to the non-desalinated 50PC50GGBS concrete.  
 
Objective vii: Assess the application of chemical coatings on the post-desalinated concrete 
and their effects on the re-ingress of chloride ions. 
 
Coating materials showed significant effect on preventing chloride re-ingress into concrete, 
with the finding of significant reduction on the surface chloride content and chloride 
penetration depth in coated samples from the obtained chloride profile. The prevention effect 
becomes more remarkable when the w/c ratio goes down from 0.55 to 0.35. Coating II 
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(Silane) material performed better prevention of chloride ingress than that done by Coating I 
(RheoFIT®790) material in all studied cases. In addition, Coating I showed insignificant 
effectiveness on preventing chloride ingress when used on the desalinated 100PC concrete.  
 
Objective viii: Estimate the life extension prolonged by the application of the 
desalination and surface coating treatment. 
 
 
On basis of the numerical model, the extension of predicted service life caused by 
desalination technique is calculated by taken account of its influence on the chloride diffusion 
coefficient of post desalinated concrete. Surface coating maintenance affecting the service 
life is correlated to its impact on the development of accumulating surface chloride content of 
concrete (Cs), and the resulting chloride diffusion coefficient from altering Cs. Besides, the 
working life of coating materials on the surface of concrete is the critical parameter for the 
predicted results.  
 
For 70PC30FA concrete, the application of only desalination treatment prior to the corrosion 
of embedded steel can extend service life of concrete by 50% longer than the reference one. 
Taking account of application of both desalination and surface coating treatments on the 
concrete structure, it will bring further extension of service life for the treated concrete 
structure. Take Silane of 50 years working life for example, the minimum influence of such 
combined treatments results in 1.7-2.0 times extension while the maximum influence 
generates 2.0-2.4 times of extension.  
 
However, the beneficial extension is insignificant for 50PC50GGBS concrete, because the 
tested chloride diffusion coefficient of post desalinated concrete indicates double increase 
compared to the reference concrete.  
6.3 Future Works 
Overall, this study has achieved the objectives originally set up in the beginning of the thesis. 
However, as with the process of investigative works continuing many questions have come 
out of which it was impossible to answer within the limited context or timescale. Therefore, 
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the following outlines fields of further study which would be regarded as a next step in 
continuing to further developments in this field of study.  
 
1. In this study, the characteristics of pore structure of cement paste sample were used to 
represent the whole pore structure of concrete when the relationship between pore 
structure property and chloride diffusion coefficients was analysed. It was based on an 
assumption that the property of interfacial transition zone (ITZ) between cement past 
and aggregate is highly interrelated with the property of the cement paste. Therefore, 
the relationship between property cement paste and ITZ, or whole concrete should be 
given further research.  
 
2. It was proposed the accesses of chloride binder sites were declined to be blocked by 
reducing w/c ratio, however, evidences and model researches on such area are limited. 
Further work is of interesting and importance to be carried out. 
 
3. The previous researches on the improvement of the chloride resistance of HPCs with 
lowering w/c ratio to very low level were scare. The findings in this study indicated 
that the effect of HPCs on increasing chloride resistance was negligible when w/c 
ratio reduces below 0.4, which also needed more investigations to verify. More 
studies on this field are necessary and helpful to bring insight into the application of 
such concrete for further.  
 
4. The 30-days duration of salt solution spraying test was carried out in this study for the 
evaluation of chloride resistance of the post desalinated concrete and coated concrete. 
The chloride ingress depth of coated concrete was limited within few millimetres, 
which provided insufficient data for calculating the chloride diffusion coefficient of 
concrete. It is suggesting a long-term salt solution spraying test for extracted concrete 
with coating treatment in future study. 
 
5. Current calculation of chloride diffusion coefficient based on the chloride profile over 
depth was widely used even it has been questioned as widely. A new method based on 
obtaining the free chloride profile over depth was proposed and applied in the study. 
Further research on such calculation method is of importance. 
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6. The chloride binding isotherms of cement paste were used as reference as concrete 
when the free chloride concentration in pore solution of concrete were calculated 
based on the experimental total chloride content. Further investigations on the 
chloride binding isotherms of concrete, and establishment of the equilibrium between 
acid-soluble chloride content and free chloride concentration in pore solution are 
important and necessary. 
 
7. The changes of desalinated concrete property were only limited on porosity in this 
study. The desalination applied on concrete not only extracted chloride ions, but other 
charged ions under external electrical field those definitely change the overall 
properties of concrete. Detailed pore structure and binding capacity of concrete after 
desalination treatment are necessary to be investigated due to their vital role in 
influence the chloride resistance of concrete.  
 
8. The differences between the remaining chloride contents in the mesh and near the 
steels, the calculation model may be one dimensional. If significantly more chloride 
remains in the mesh than near the steels, two-dimensional calculation is necessary.  
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APPENDIX A 
Table A.1 Summary of cement combination concrete properties 
 
Cement Type Property References 
Consistence Strength Permeation 
FA Improved with reduced 
water demand 
Reduced early strength but increased 
long-term strength 
Increased permeation at early ages, but 
can be enhanced with curing time 
Dias et al., (2003) 
Bai et al., (2002) 
Khan and Lynsdale, (2002) 
GGBS Improved with reduced 
water demand 
Reduced early strength but increased 
long-term strength Increased resistance to permeability Wainwright and Rey, (2000) 
LS Reduces Similar to PC concrete Increased with increasing content Dhir et al, (2007) Tsivilis et al., (2003) 
SF Reduced with increasing 
water demand Increased early strength Increased resistance to permeability 
Kim et al., (2007) 
Khatib and Clay, (2004) 
Bouzoubaa et al., (2004) 
MK Reduced with increasing 
water demand Increased early strength Increased resistance to permeability 
Kim et al., (2007) 
Khatib and Clay, (2004) 
Wild et al., (1996) 
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APPENDIX B 
Figure B.1 Example mix design procedure for 100PC concrete 
 
MIX DESIGN-100%PC-0.35 w/c 
CONTROL PARAMETERS: 
w/c ratio = 0.35;                                                                      Cement Content: 400 kg/m3 
Nominal Slump (S3): 90~140 mm;                                                Sand: % <600 µm = 53.6%; 
Aggregate Type: Crushed, size range, 4-10 mm, 10-20 mm 
 
FREE WATER CONTENT: 
Free Water Content = w/c ratio × cement content                                = 0.35×400 = 140 kg/m3 
 
TOTAL AGGREGATE CONTENT: 
Taking relative density of 2.7 for crushed aggregates, gives estimated wet density of concrete  
                                                                                                                                = 2500 kg/m3 
Total aggregate content = wet concrete density – cement – water = 2500-400-140  
                                                                                                                                = 1960 kg/m3 
 
SAND CONTENT: 
For 20 mm maximum aggregate size and S3 slump 
With w/c ratio 0.35 and 53.6% sand < 600 µm, proportion of sand = 38% 
Sand Content = Total aggregate content × (proportion of sand/100)  
                                                                                                      = 1960 × (38/100) = 745 kg/m3 
COARSE AGGREGATE CONTENT: 
Coarse Aggregate Content = Total Aggregate – Sand Content = 1960-745 = 1215 kg/m3 
Combine 4-10 mm and 10-20 mm aggregate in the ratio 1:2 
4-10 mm Aggregate = Coarse Aggregate/3                                              = 1215/3 = 405 kg/m3 
10-20 mm Aggregate = Coarse Aggregate Content – 4-10 mm Aggregate Content 
                                                                                                              = 1215-405 = 810 kg/m3 
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Figure B.2 Example mix design procedure for 70PC30FA concrete  
 
MIX DESIGN-70%PC30%FA-0.35 w/c 
CONTROL PARAMETERS: 
w/c ratio = 0.35;                                                            Total Cement Content: 400 kg/m3 
Nominal Slump (S3): 90~140 mm;                                                Sand: % <600 µm = 53.6%; 
Aggregate Type: Crushed, size range, 4-10 mm, 10-20 mm 
Binary Proportions = PC – 280 kg/m3 and FA – 120 kg/m3 
FREE WATER CONTENT: 
Free Water Content = w/c ratio × cement content                              = 0.35×400 = 140 kg/m3 
 
TOTAL AGGREGATE CONTENT: 
Taking relative density of 2.7 for crushed aggregates, gives estimated wet density of concrete  
                                                                                                                                = 2500 kg/m3 
Total aggregate content = wet concrete density – cement – water = 2500-400-140  
                                                                                                                                = 1960 kg/m3 
 
SAND CONTENT: 
For 20 mm maximum aggregate size and S3 slump 
With w/c ratio 0.35 and 53.6% sand < 600 µm, proportion of sand = 38% 
Sand Content = Total aggregate content × (proportion of sand/100)  
                                                                                                   = 1960 × (38/100) = 745 kg/m3 
 
COARSE AGGREGATE CONTENT: 
Coarse Aggregate Content = Total Aggregate – Sand Content = 1960-745 = 1215 kg/m3 
Combine 4-10 mm and 10-20 mm aggregate in the ratio 1:2 
4-10 mm Aggregate = Coarse Aggregate/3                                              = 1215/3 = 405 kg/m3 
10-20 mm Aggregate = Coarse Aggregate Content – 4-10 mm Aggregate Content 
                                                                                                              = 1215-405 = 810 kg/m3 
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Figure B.3 Example mix design procedure for 60PC30FA10LS concrete  
 
MIX DESIGN-70%PC30%FA10%LS-0.35 w/c 
CONTROL PARAMETERS: 
w/c ratio = 0.35;                                                            Total Cement Content: 400 kg/m3 
Nominal Slump (S3): 90~140 mm;                                                 Sand: % <600 µm = 53.6%; 
Aggregate Type: Crushed, size range, 4-10 mm, 10-20 mm 
Ternary Proportions = PC – 240 kg/m3, FA – 120 kg/m3 and LS – 40 kg/m3 
FREE WATER CONTENT: 
Free Water Content = w/c ratio × cement content                                = 0.35×400 = 140 kg/m3 
 
TOTAL AGGREGATE CONTENT: 
Taking relative density of 2.7 for crushed aggregates, gives estimated wet density of concrete  
                                                                                                                                = 2500 kg/m3 
Total aggregate content = wet concrete density – cement – water = 2500-400-140 
                                                                                                                                = 1960 kg/m3 
 
SAND CONTENT: 
For 20 mm maximum aggregate size and S3 slump 
With w/c ratio 0.35 and 53.6% sand < 600 µm, proportion of sand = 38% 
Sand Content = Total aggregate content × (proportion of sand/100)  
                                                                                                   = 1960 × (38/100) = 745 kg/m3 
 
COARSE AGGREGATE CONTENT: 
Coarse Aggregate Content = Total Aggregate – Sand Content = 1960-745 = 1215 kg/m3 
Combine 4-10 mm and 10-20 mm aggregate in the ratio 1:2 
4-10 mm Aggregate = Coarse Aggregate/3                                              = 1215/3 = 405 kg/m3 
10-20 mm Aggregate = Coarse Aggregate Content – 4-10 mm Aggregate Content 
                                                                                                              = 1215-405 = 810 kg/m3 
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Table B.1 Mix proportions of concrete (cement content of 400 kg/m3) 
Cement Type, % w/c 
Mix Proportions, kg/m3 
Free Water 
Cements 
Sand 
0/4 mm 
Aggregate 
Yield Density 
PC FA GGBS LS SF MK 4/10 mm 10/20 mm 
100PC 0.35 140  400 - - - - - 780  390  780  2490 
100PC 0.40 160  400 - - - - - 760  380  760  2460 
100PC 0.45 180  400 - - - - - 740  370  740  2430 
70PC30FA 0.35 140  280 120 - - - - 760  380  760  2440 
70PC30FA 0.40 160  280 120 - - - - 740  370  740  2410 
70PC30FA 0.45 180  280 120 - - - - 720  360  720  2380 
50PC50GGBS 0.35 140  200 - 200  - - - 775  385  775  2475 
50PC50GGBS 0.40 160  200 - 200  - - - 750  375  750  2435 
50PC50GGBS 0.45 180  200 - 200  - - - 730  365  730  2405 
60PC30FA10LS 0.35 140  240 120 - 40 - - 760  380  760  2440 
60PC30FA10LS 0.40 160  240 120 - 40 - - 740  370  740  2410 
60PC30FA10LS 0.45 180  240 120 - 40 - - 715  360  715  2370 
40PC50GGBS10LS 0.35 140  160 - 200  40 - - 770  385  770  2465 
40PC50GGBS10LS 0.40 160  160 - 200  40 - - 750  375  748  2435 
40PC50GGBS10LS 0.45 180  160 - 200  40 - - 730  365  724  2400 
70PC30FA10SF 0.35 154  280 120 - - 40 - 730  365  730  2420 
70PC30FA10SF 0.40 176  280 120 - - 40 - 705  350  705  2375 
70PC30FA10SF 0.45 198  280 120 - - 40 - 680  340  680  2340 
55PC30FA15MK 0.35 140  220 120 - - - 60  740  370  740  2390 
55PC30FA15MK 0.40 160  220 120 - - - 60  720  360  720  2360 
55PC30FA15MK 0.45 180  220 120 - - - 60  700  350  700  2330 
35PC50GGBS15MK 0.35 140  140 - 200  - - 60  755  375  755  2425 
35PC50GGBS15MK 0.40 160  140 - 200  - - 60  730  365  730  2385 
35PC50GGBS15MK 0.45 180  140 - 200  - - 60  710  355  710  2355 
70PC30FA15MK 0.35 161  280 120 - - - 60  725  360  720  2425 
70PC30FA15MK 0.40 184  280 120 - - - 60  700  350  700  2395 
70PC30FA15MK 0.45 207  280 120 - - - 60  675  340  680  2360 
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Table B.2 Mix proportions of concrete (cement content of 475 kg/m3) 
Cement Type, % w/c 
Mix Proportions, kg/m3 
Free Water 
Cements 
Sand 
0/4 mm 
Aggregate 
Yield Density 
PC FA GGBS LS SF MK 4/10 mm 10/20 mm 
100PC 0.35 166  475 - - - - - 725  365  725  2455 
100PC 0.40 190  475 - - - - - 700  350  700  2415 
100PC 0.45 214  475 - - - - - 675  340  675  2380 
70PC30FA 0.35 166  332 143 - - - - 705  350  705  2400 
70PC30FA 0.40 190  332 143 - - - - 680  340  680  2365 
70PC30FA 0.45 214  332 143 - - - - 655  325  655  2325 
50PC50GGBS 0.35 166  238 - 238  - - - 720  360  720  2440 
50PC50GGBS 0.40 190  238 - 238  - - - 695  350  695  2405 
50PC50GGBS 0.45 214  238 - 238  - - - 670  335  670  2365 
60PC30FA10LS 0.35 166  285 143 - 48 - - 700  350  700  2390 
60PC30FA10LS 0.40 190  285 143 - 48 - - 675  340  675  2355 
60PC30FA10LS 0.45 214  285 143 - 48 - - 650  325  650  2315 
40PC50GGBS10LS 0.35 166  190 - 238  48 - - 715  360  715  2430 
40PC50GGBS10LS 0.40 190  190 - 238  48 - - 690  345  690  2390 
40PC50GGBS10LS 0.45 214  190 - 238  48 - - 665  335  665  2355 
70PC30FA10SF 0.35 183  332 143 - - 48 - 665  330  665  2365 
70PC30FA10SF 0.40 209  332 143 - - 48 - 635  320  635  2320 
70PC30FA10SF 0.45 235  332 143 - - 48 - 610  305  610  2285 
55PC30FA15MK 0.35 166  261 143 - - - 71  700  350  700  2390 
55PC30FA15MK 0.40 190  261 143 - - - 71  675  335  675  2350 
55PC30FA15MK 0.45 214  261 143 - - - 71  650  325  650  2315 
35PC50GGBS15MK 0.35 166  166 - 238  - - 71  715  355  715  2425 
35PC50GGBS15MK 0.40 190  166 - 238  - - 71  690  345  690  2390 
35PC50GGBS15MK 0.45 214  166 - 238  - - 71  665  330  665  2350 
70PC30FA15MK 0.35 191  332 143 - - - 71  650  325  650  2360 
70PC30FA15MK 0.40 219  332 143 - - - 71  620  310  620  2315 
70PC30FA15MK 0.45 246  332 143 - - - 71  590  295  590  2270 
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Table B.3 Fresh properties of cement combination concretes 
No. Cement Type, % w/c SP, % Plastic Density, 
kg/m3 
Fresh Properties 
Slump Slump Mix Observation 
1 100PC 0.35  1.74% $ 2525 90 S3 Good compaction, no bleeding/segregation 
2 100PC 0.40  1.04% $ 2500 100 S4 Good compaction, no bleeding/segregation 
3 100PC 0.45  0.68% $ 2465 110 S3 Good compaction, no bleeding/segregation 
4 70PC30FA 0.35  0.52% & 2480 170 S4 Good compaction, no bleeding/segregation 
5 70PC30FA 0.40  0.40% & 2455 240 S5 High workability, to much water added 
6 70PC30FA 0.45  0.21% & 2430 185 S4 High workability, to much water added 
7 50PC50GGBS 0.35  0.47% & 2480 150 S3 Good cohesive mix, no bleeding/segregation 
8 50PC50GGBS 0.40  0.28% & 2450 85 S2 Slightly dry, cohesive mix 
9 50PC50GGBS 0.45  0.16% & 2420 170 S4 Good mix, good workability and cohesion 
10 60PC30FA10LS 0.35  0.53% & 2480 180 S4 Good mix, good workability and cohesion 
11 60PC30FA10LS 0.40  0.26% & 2450 160 S4 Good compaction, no bleeding/segregation 
12 60PC30FA10LS 0.45  0.11% & 2430 150 S3 Good compaction, no bleeding/segregation 
13 40PC50GGBS10LS 0.35  0.41% & 2480 220 S5 High workability, average cohesion 
14 40PC50GGBS10LS 0.40  0.19% & 2440 115 S3 Good compaction, no bleeding/segregation 
15 40PC50GGBS10LS 0.45  0.05% $ 2410 190 S4 High workability, average cohesion 
16 70PC30FA10SF 0.35  1.52% $ 2435 110 S3 Good compaction, no bleeding/segregation 
18 70PC30FA10SF 0.45  0.46% $ 2380 110 S3 Good compaction, no bleeding/segregation 
22 55PC30FA15MK 0.35  2.09% $ 2465 90 S3 Good compaction, no bleeding/segregation 
23 55PC30FA15MK 0.40  1.56% $ 2460 90 S3 Good compaction, no bleeding/segregation 
24 55PC30FA15MK 0.45  1.27% $ 2455 100 S3 Good compaction, no bleeding/segregation 
28 70PC30FA15MK 0.35  2.00% $ 2445 160 S4 Good compaction, no bleeding/segregation 
$: general water reducing admixture (Glenium 123); &: high range water reducing admixture (Glenium Sky 544) 
Appendix B 
208 
 
Table B.4 Fresh properties of cement combination concretes 
No. Cement Type, % w/c SP, % 
Plastic Density, 
kg/m3 
Fresh Properties 
Slump (mm) Slump Class Mix Observation 
29 70PC30FA15MK 0.40 1.18%       $ 2420 100 S3   Good compaction, no bleeding/segregation 
30 70PC30FA15MK 0.45 0.74%       $ 2405 160    S3   Good compaction, no bleeding/segregation 
31 35PC50GGBS15MK 0.35  1.63% $ 2510 110 S3 Good mix, good workability and cohesion 
32 35PC50GGBS15MK 0.40  1.44% $ 2504 250 S4 High workability, average cohesion 
33 35PC50GGBS15MK 0.45  1.05% $ 2438 110 S3 Good mix, good workability and cohesion 
34 100PC 0.35  1.67% $ 2510 130 S3 Good compaction, no bleeding/segregation 
35 100PC 0.40  1.14% $ 2485 125 S4 Good compaction, no bleeding/segregation 
36 100PC 0.45  0.70% $ 2450 125 S4 Good compaction, no bleeding/segregation 
37 70PC30FA 0.35  0.59% & 2450 220 S5 High workability, average cohesion 
38 70PC30FA 0.40  0.33% & 2440 125 S3 Good cohesive mix, no bleeding/segregation 
39 70PC30FA 0.45  0.28% & 2420 145 S3 Good compaction, no bleeding/segregation 
40 50PC50GGBS 0.35  0.54% & 2440 185 S4 Good mix, good workability and cohesion 
41 50PC50GGBS 0.40  0.45% & 2400 175 S4 Good mix, good workability and cohesion 
42 50PC50GGBS 0.45  0.28% & 2380 195 S4 High workability, average cohesion 
43 60PC30FA10LS 0.35  0.35% & 2440 125 S3 Good cohesive mix 
44 60PC30FA10LS 0.40  0.22% & 2420 160 S4 Good cohesion, normal workability 
45 60PC30FA10LS 0.45  0.09% & 2400 165 S4 Good cohesion, normal workability 
46 40PC50GGBS10LS 0.35  0.35% & 2470 160 S4 Good compaction, no bleeding/segregation 
47 40PC50GGBS10LS 0.40  0.18% & 2440 200 S4 High workability, average cohesion 
48 40PC50GGBS10LS 0.45  0.00% & 2400 110 S3 Good mix, good workability and cohesion 
49 55PC30FA15MK 0.35  1.98% $ 2435 90 S3 Good compaction, no bleeding/segregation 
50 55PC30FA15MK 0.40  1.37% $ 2420 100 S3 Good compaction, no bleeding/segregation 
51 70PC30FA15MK 0.35  1.45% $ 2425 80 S2 Slightly dry, cohesive mix 
52 70PC30FA15MK 0.40  1.26% $ 2385 80 S2 Slightly dry, cohesive mix 
$: general water reducing admixture (Glenium 123); &: high range water reducing admixture (Glenium Sky 544) 
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Table B.5 Complementary Error Function Table 
x erfc(x) x erfc(x) x erfc(x) x erfc(x) x erfc(x) x erfc(x) x erfc(x) 
0 1.000000 0.5 0.479500 1 0.157299 1.5 0.033895 2 0.004678 2.5 0.000407 3 0.000022 
0.01 0.988717 0.51 0.470756 1.01 0.153190 1.51 0.032723 2.01 0.004475 2.51 0.000386 3.01 0.000021 
0.02 0.977435 0.52 0.462101 1.02 0.149162 1.52 0.031587 2.02 0.004281 2.52 0.000365 3.02 0.000019 
0.03 0.966159 0.53 0.453536 1.03 0.145216 1.53 0.030484 2.03 0.004094 2.53 0.000346 3.03 0.000018 
0.04 0.954889 0.54 0.445061 1.04 0.141350 1.54 0.029414 2.04 0.003914 2.54 0.000328 3.04 0.000017 
0.05 0.943628 0.55 0.436677 1.05 0.137564 1.55 0.028377 2.05 0.003742 2.55 0.000311 3.05 0.000016 
0.06 0.932378 0.56 0.428384 1.06 0.133856 1.56 0.027372 2.06 0.003577 2.56 0.000294 3.06 0.000015 
0.07 0.921142 0.57 0.420184 1.07 0.130227 1.57 0.026397 2.07 0.003418 2.57 0.000278 3.07 0.000014 
0.08 0.909922 0.58 0.412077 1.08 0.126674 1.58 0.025453 2.08 0.003266 2.58 0.000264 3.08 0.000013 
0.09 0.898719 0.59 0.404064 1.09 0.123197 1.59 0.024538 2.09 0.003120 2.59 0.000249 3.09 0.000012 
0.1 0.887537 0.6 0.396144 1.1 0.119795 1.6 0.023652 2.1 0.002979 2.6 0.000236 3.1 0.000012 
0.11 0.876377 0.61 0.388319 1.11 0.116467 1.61 0.022793 2.11 0.002845 2.61 0.000223 3.11 0.000011 
0.12 0.865242 0.62 0.380589 1.12 0.113212 1.62 0.021962 2.12 0.002716 2.62 0.000211 3.12 0.000010 
0.13 0.854133 0.63 0.372954 1.13 0.110029 1.63 0.021157 2.13 0.002593 2.63 0.000200 3.13 0.000010 
0.14 0.843053 0.64 0.365414 1.14 0.106918 1.64 0.020378 2.14 0.002475 2.64 0.000189 3.14 0.000009 
0.15 0.832004 0.65 0.357971 1.15 0.103876 1.65 0.019624 2.15 0.002361 2.65 0.000178 3.15 0.000008 
0.16 0.820988 0.66 0.350623 1.16 0.100904 1.66 0.018895 2.16 0.002253 2.66 0.000169 3.16 0.000008 
0.17 0.810008 0.67 0.343372 1.17 0.098000 1.67 0.018190 2.17 0.002149 2.67 0.000159 3.17 0.000007 
0.18 0.799064 0.68 0.336218 1.18 0.095163 1.68 0.017507 2.18 0.002049 2.68 0.000151 3.18 0.000007 
0.19 0.788160 0.69 0.329160 1.19 0.092392 1.69 0.016847 2.19 0.001954 2.69 0.000142 3.19 0.000006 
0.2 0.777297 0.7 0.322199 1.2 0.089686 1.7 0.016210 2.2 0.001863 2.7 0.000134 3.2 0.000006 
0.21 0.766478 0.71 0.315335 1.21 0.087045 1.71 0.015593 2.21 0.001776 2.71 0.000127 3.21 0.000006 
0.22 0.755704 0.72 0.308567 1.22 0.084466 1.72 0.014997 2.22 0.001692 2.72 0.000120 3.22 0.000005 
0.23 0.744977 0.73 0.301896 1.23 0.081950 1.73 0.014422 2.23 0.001612 2.73 0.000113 3.23 0.000005 
0.24 0.734300 0.74 0.295322 1.24 0.079495 1.74 0.013865 2.24 0.001536 2.74 0.000107 3.24 0.000005 
0.25 0.723674 0.75 0.288845 1.25 0.077100 1.75 0.013328 2.25 0.001463 2.75 0.000101 3.25 0.000004 
0.26 0.713100 0.76 0.282463 1.26 0.074764 1.76 0.012810 2.26 0.001393 2.76 0.000095 3.26 0.000004 
0.27 0.702582 0.77 0.276179 1.27 0.072486 1.77 0.012309 2.27 0.001326 2.77 0.000090 3.27 0.000004 
0.28 0.692120 0.78 0.269990 1.28 0.070266 1.78 0.011826 2.28 0.001262 2.78 0.000084 3.28 0.000004 
0.29 0.681717 0.79 0.263897 1.29 0.068101 1.79 0.011359 2.29 0.001201 2.79 0.000080 3.29 0.000003 
0.3 0.671373 0.8 0.257899 1.3 0.065992 1.8 0.010909 2.3 0.001143 2.8 0.000075 3.3 0.000003 
0.31 0.661092 0.81 0.251997 1.31 0.063937 1.81 0.010475 2.31 0.001088 2.81 0.000071 3.31 0.000003 
0.32 0.650874 0.82 0.246189 1.32 0.061935 1.82 0.010057 2.32 0.001034 2.82 0.000067 3.32 0.000003 
0.33 0.640721 0.83 0.240476 1.33 0.059985 1.83 0.009653 2.33 0.000984 2.83 0.000063 3.33 0.000002 
0.34 0.630635 0.84 0.234857 1.34 0.058086 1.84 0.009264 2.34 0.000935 2.84 0.000059 3.34 0.000002 
0.35 0.620618 0.85 0.229332 1.35 0.056238 1.85 0.008889 2.35 0.000889 2.85 0.000056 3.35 0.000002 
0.36 0.610670 0.86 0.223900 1.36 0.054439 1.86 0.008528 2.36 0.000845 2.86 0.000052 3.36 0.000002 
0.37 0.600794 0.87 0.218560 1.37 0.052688 1.87 0.008179 2.37 0.000803 2.87 0.000049 3.37 0.000002 
0.38 0.590991 0.88 0.213313 1.38 0.050984 1.88 0.007844 2.38 0.000763 2.88 0.000046 3.38 0.000002 
0.39 0.581261 0.89 0.208157 1.39 0.049327 1.89 0.007521 2.39 0.000725 2.89 0.000044 3.39 0.000002 
0.4 0.571608 0.9 0.203092 1.4 0.047715 1.9 0.007210 2.4 0.000689 2.9 0.000041 3.4 0.000002 
0.41 0.562031 0.91 0.198117 1.41 0.046148 1.91 0.006910 2.41 0.000654 2.91 0.000039 3.41 0.000001 
0.42 0.552532 0.92 0.193232 1.42 0.044624 1.92 0.006622 2.42 0.000621 2.92 0.000036 3.42 0.000001 
0.43 0.543113 0.93 0.188437 1.43 0.043143 1.93 0.006344 2.43 0.000589 2.93 0.000034 3.43 0.000001 
0.44 0.533775 0.94 0.183729 1.44 0.041703 1.94 0.006077 2.44 0.000559 2.94 0.000032 3.44 0.000001 
0.45 0.524518 0.95 0.179109 1.45 0.040305 1.95 0.005821 2.45 0.000531 2.95 0.000030 3.45 0.000001 
0.46 0.515345 0.96 0.174576 1.46 0.038946 1.96 0.005574 2.46 0.000503 2.96 0.000028 3.46 0.000001 
0.47 0.506255 0.97 0.170130 1.47 0.037627 1.97 0.005336 2.47 0.000477 2.97 0.000027 3.47 0.000001 
0.48 0.497250 0.98 0.165769 1.48 0.036346 1.98 0.005108 2.48 0.000453 2.98 0.000025 3.48 0.000001 
0.49 0.488332 0.99 0.161492 1.49 0.035102 1.99 0.004889 2.49 0.000429 2.99 0.000024 3.49 0.000001 
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APPENDIX C 
Table C.1 Standard cube compressive strength of concrete (cement content: 400kg/m3) 
Combination 
Type,% 
Standard Cube Compressive Strength, 
N/mm2 % of 100 PC Strength 
3 days 7 days 28 days 120 days 3 days 7 days 28 days 120 days 
0.35 w/c ratio 
100 PC 60.0 74.0 86.0 91.0 100 100 100 100 
70PC30FA 40.0 56.0 68.0 79.0 67 76 79 87 
50PC50GGBS 36.0 64.0 80.0 89.0 60 86 93 98 
30FA/10LS 33.0 48.0 61.0 75.0 55 65 71 82 
50GGBS/10LS 32.5 54.0 69.0 75.0 54 73 80 82 
30FA/10SF 50.0 68.0 81.0 89.0 83 92 94 98 
30FA/15MK# 42.0 62.0 77.0 85.0 70 84 90 93 
30FA/15MK * 39.0 60.0 76.0 84.0 65 81 88 92 
50GGBS/15MK 36.0 59.0 76.0 80.0 60 80 88 88 
0.40 w/c ratio 
100 PC 53.0 67.0 76.0 83.0 100 100 100 100 
70PC30FA 31.0 44.0 55.0 72.0 58 66 72 87 
50PC50GGBS 32.0 54.0 65.5 79.0 60 81 86 95 
30FA/10LS 24.0 38.0 49.0 68.0 45 57 64 82 
50GGBS/10LS 26.0 48.0 58.0 62.0 49 72 76 75 
30FA/10SF 38.0 58.0 71.0 83.0 72 87 93 100 
30FA/15MK# 34.0 52.0 63.0 74.0 64 78 83 89 
30FA/15MK * 32.0 50.0 62.0 73.0 60 75 82 88 
50GGBS/15MK 32.0 50.0 63.0 70.0 60 75 83 84 
0.45 w/c ratio 
100 PC 45.0 58.0 65.0 69.0 100 100 100 100 
70PC30FA 23.0 38.0 47.5 60.0 51 66 73 87 
50PC50GGBS 28.0 48.0 60.0 68.0 62 83 92 99 
30FA/10LS 18.5 28.0 39.0 55.0 41 48 60 80 
50GGBS/10LS 15.0 32.0 46.0 54.0 33 55 71 78 
30FA/10SF 32.0 50.0 60.0 74.0 71 86 92 107 
30FA/15MK# 25.0 40.0 50.5 61.0 56 69 78 88 
30FA/15MK * 21.0 38.0 49.0 58.0 47 66 75 84 
50GGBS/15MK 27.0 42.0 56.0 62.0 60 72 86 90 
#15% addition of MK; * 15% replacement of 100 PC by MK 
 
 
 
 
 
Appendix C 
211 
 
Table C.2 Standard cube compressive strength of concrete (cement content: 475kg/m3) 
Combination 
Type,% 
Standard Cube Compressive Strength, 
N/mm2 % of 100 PC Strength 
3 days 7 days 28 days 120 days 3 days 7 days 28 days 120 days 
0.35 w/c ratio 
100PC 64.0 80.0 88.0 92.0 100 100 100 100 
70PC30FA 41.0 58.0 70.0 80.0 64 73 80 87 
50PC50GGBS 40.0 66.0 81.0 90.0 63 83 92 98 
30FA/10LS 32.0 43.0 57.0 70.0 50 54 65 76 
50GGBS/10LS 30.5 52.5 70.5 81.0 48 66 80 88 
30FA/15MK+ 40.0 58.5 74.0 81.0 63 73 84 88 
30FA/15MK * 39.0 57.0 72.0 79.5 61 71 82 86 
0.40 w/c ratio 
100PC 49.0 67.0 79.0 85.0 100 100 100 100 
70PC30FA 30.0 47.0 60.0 74.0 61 70 76 87 
50PC50GGBS 32.0 55.0 68.0 78.0 65 82 86 92 
30FA/10LS 25.0 36.0 50.5 65.0 51 54 64 76 
50GGBS/10LS 20.0 40.0 54.5 63.0 41 60 69 74 
0.45 w/c ratio 
100 PC 41.0 55.0 63.5 70.0 100 100 100 100 
70PC30FA 22.0 40.0 49.0 62.0 54 73 77 89 
50PC50GGBS 26.0 42.0 54.0 68.0 63 76 85 97 
30FA/10LS 16.0 32.0 40.0 54.0 39 58 63 77 
50GGBS/10LS 16.0 35.0 45.0 53.0 39 64 71 76 
30FA/15MK# 24.0 43.0 51.0 63.5 59 78 80 91 
30FA/15MK * 22.0 40.0 49.5 62.0 54 73 78 89 
#
 15% addition of MK; * 15% replacement of 100 PC by MK 
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Table C.3 Chloride ingress measurements of concrete (cements content of 400kg/m3) 
Combination 
Type, % 
Method A   Method B   Method C 
  
Method D 
Charge 
Passed  
Non-steady State 
Migration 
Coefficient  
Non-steady State 
Diffusion Coefficient 
Steady State 
Migration 
Coefficient 
Coulombs 
 
Da, 10-12m2/s 
 
Da,10-12m2/s Cs, % Da,10-12m2/s 
Test Age, Days 
28 120 
 
28 120 
 
90 Vary (days) 
0.35 w/c ratio 
100 PC 2300 2000 
 
7.2 5.8 
 
6.0 0.3 
 
- 
70PC30FA 2025 350 
 
7.6 1.5 
 
1.1 0.4 
 
6.6 (34) 
50PC50GGBS 600 470 
 
2.4 2.3 
 
0.8 0.5 
 
1.6 (32) 
30FA10LS 2550 600 
 
8.0 2.6 
 
1.1 0.4 
 
3.4 (109) 
50GGBS10LS 510 370 
 
1.9 1.8 
 
0.8 0.5 
 
2.9 (49) 
30FA10SF 750 340 
 
2.4 1.3 
 
1.9 0.4 
 
1.8 (158) 
30FA15MK# 560 245 
 
4.2 2.3 
 
1.4 0.6 
 
2.7 (151) 
30FA15MK* 950 350 
 
4.5 2.0 
 
1.7 0.4 
 
2.6 (146) 
0.40 w/c ratio 
100PC 2800 2400 
 
8.1 7.0 
 
8.2 0.3 
 
- 
70PC30FA 2925 575 
 
10.5 1.9 
 
1.2 0.4 
 
8.9 (34) 
50PC50GGBS 685 530 
 
2.7 2.6 
 
1.0 0.5 
 
3.5 (32) 
30FA10LS 2850 750 
 
10.7 3.1 
 
1.5 0.5 
 
4.0 (109) 
50GGBS10LS 540 530 
 
1.9 2.1 
 
1.0 0.5 
 
3.7 (49) 
30FA10SF 975 350 
 
- - 
 
1.8 0.4 
 
2.2 (158) 
30FA15MK# 800 350 
 
4.5 2.9 
 
1.7 0.5 
 
3.4 (151) 
30FA15MK* 1050 375 
 
4.6 2.5 
 
1.8 0.4 
 
3.2 (146) 
0.45 w/c ratio 
100PC 3475 2900 
 
9.6 9.1 
 
10.2 0.3 
 
- 
70PC30FA 4640 1050 
 
12.7 2.5 
 
2.1 0.4 
 
12.3 (34) 
50PC50GGBS 1060 755 
 
3.3 3.1 
 
1.8 0.5 
 
7.0 (32) 
30FA10LS 3550 775 
 
11.0 3.8 
 
2.2 0.5 
 
4.9 (109) 
50GGBS10LS 560 550 
 
2.6 2.6 
 
1.4 0.5 
 
4.5 (49) 
30FA10SF 1090 370 
 
2.9 2.0 
 
1.9 0.4 
 
2.7 (158) 
30FA15MK# 980 375 
 
4.9 3.7 
 
2.2 0.5 
 
4.1 (151) 
30FA15MK* 1240 545   5.1 3.0   1.9 0.4   3.9 (146) 
#
 15% addition of MK; * 15% replacement of PC by MK 
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Table C.4 Chloride ingress measurements of concrete (cement content of 475kg/m3) 
Combination Type, 
% 
Method A   Method B   Method C 
  
Method D 
Charge 
Passed  
Non-steady State 
Migration 
Coefficient  
Non-steady State 
Diffusion Coefficient 
Steady State 
Migration 
Coefficient 
Coulombs 
 
Da, 10-12m2/s 
 
Da,10-12m2/s Cs, % Da,10-12m2/s 
Test Age, Days 
28 120 
 
28 120 
 
90 Vary (days) 
0.35 w/c ratio 
100 PC 2070 1800 
 
7.0 6.5 
 
- - 7.7 (186) 
70PC30FA 1650 350 
 
- 1.5 
 
1.1 0.4 5.9 (37) 
50PC50GGBS 720 - 
 
- 1.7 
 
1.0 0.5 - 
30FA10LS 1405 535 
 
7.1 1.5 
 
- - 3.1  (53) 
50GGBS10LS 500 450 
 
2.5 1.9 
 
0.9 0.5 - 
30FA15MK+ 700 500 
 
2.7 2.6 
 
1.1 0.5 - 
30FA15MK* 600 450 
 
3.1 2.9 
 
1.9 0.4 - 
0.40 w/c ratio 
100 PC - - 
 
- - 
 
- - 
 
11.3 (186) 
70PC30FA 2025 575 
 
- 1.9 
 
1.2 0.4 7.3 (37) 
50PC50GGBS 865 - 
 
- 1.8 
 
0.9 0.5 - 
30FA10LS 1545 665 
 
9.4 2.8 
 
- - 3.5 (53) 
50GGBS10LS 695 540 
 
2.9 1.9 
 
1.3 0.5 - 
0.45 w/c ratio 
100PC 4140 3700 
 
10.0 9.4 
 
- - 15.7 (186) 
70PC30FA 2530 1050 
 
- 2.4 
 
1.8 0.4 10.6 (37) 
50PC50GGBS 1120 - 
 
- 2.0 
 
1.6 0.5 - 
30FA10LS 1820 810 
 
11.9 4.2 
 
- - 4.0  (53) 
50GGBS10LS 720 605 
 
3.4 2.1 
 
1.9 0.5 - 
30FA15MK# 1150 900 
 
3.9 3.7 
 
1.6 0.5 - 
30FA15MK* 1000 850   4.2 3.9   2.7 0.4 
  
- 
#
 15% addition of MK; * 15% replacement of PC by MK 
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Table C.5 Details of pore characteristic of binary cement pastes  
Cement 
Type,% w/c   
Age, 
days 
Pore Size Range Porosity, nm Void, 
ml/g 
Porosity, 
% 
Critical 
Diameter, 
nm 
Relative 
Indicator™ 5-50 50-100 100-5000 >5000 
100 PC 
0.35 
3 7.3 9.4 12.7 4.0 0.17 33.4 195 1.0 
7 6.9 8.5 8.7 3.9 0.15 28.0 135 1.2 
28 6.1 7.1 6.4 0.7 0.10 20.3 99 1.9 
90 4.2 9.6 4.5 0.8 0.09 19.0 93 2.6 
0.4 
3 9.8 6.0 20.7 2.0 0.20 38.6 247 0.7 
7 10 6.1 14.8 1.2 0.16 32.1 128 1.0 
28 8.5 8.8 9.2 0.6 0.14 27.1 113 1.8 
90 7.6 8.1 7.0 0.8 0.12 23.5 115 2.0 
0.45 
3 9.1 6.7 25.2 4.1 0.28 45.0 572 0.5 
7 10.3 5.3 20.9 1.5 0.20 38.0 313 0.7 
28 9.4 6.5 11.5 0.7 0.15 28.2 133 1.3 
90 7.3 7.9 10.0 0.7 0.14 25.9 133 1.4 
70PC30FA 
0.35 
3 8.6 6.0 18.4 2.9 0.25 36.0 149 0.7 
7 8.7 5.9 16.0 1.0 0.17 31.7 192 0.9 
28 10.1 8.3 6.4 1.2 0.14 25.9 80 2.4 
90 11.1 8.0 2.4 0.7 0.12 22.1 70 6.1 
0.4 
3 8.2 4.1 24 4.7 0.29 41.0 622 0.4 
7 10.3 6.5 19.2 1.0 0.21 37.0 208 0.8 
28 10.9 9.2 10.2 0.7 0.17 31.0 120 1.8 
90 11.4 9.1 3.8 0.5 0.14 24.8 100 4.8 
0.45 
3 9.1 4.3 32.0 1.6 0.29 47.0 830 0.4 
7 9.4 5.0 26.0 1.6 0.22 42.0 620 0.5 
28 11.7 8.9 14.7 0.8 0.20 36.2 154 1.3 
90 13.4 8.6 8.5 0.9 0.17 31.3 118 2.4 
50PC50GGBS 
0.35 
3 10.1 5.6 19.4 3.5 0.19 38.6 617 0.7 
7 8.4 5.9 13.6 3.3 0.16 31.2 143 0.8 
28 8.5 6.4 5.1 0.7 0.10 20.7 91 2.6 
90 6.1 5.3 3.4 0.8 0.08 15.6 81 2.7 
0.4 
3 9.0 4.5 29.3 2.3 0.22 45.0 700 0.4 
7 10.2 4.9 18.9 1.1 0.18 35.0 113 0.8 
28 10.3 7.5 6.4 0.6 0.13 24.8 110 2.5 
90 7.6 6.1 4.5 0.4 0.10 18.7 101 2.8 
0.45 
3 10.7 4.3 31.0 4.0 0.28 50.0 840 0.4 
7 13.0 5.1 23.7 3.1 0.24 44.9 627 0.7 
28 13.8 6.9 7.9 0.7 0.16 29.3 120 2.4 
90 10.8 5.9 6.0 0.8 0.13 23.5 113 2.4 
™ is the ratio of large pore porosity (>100 nm) to the small pore porosity (<100 nm) 
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Table C.6 Details of pore characteristic of ternary cement pastes 
Cement Type,% w/c  Age, days 
Pore Size Range Porosity, nm Void, 
ml/g 
Porosity, 
% 
Critical 
Diameter, 
nm 
Relative 
Indicator™ 5-50 50-100 100-5000 >5000 
30FA/10LS 
0.35 90 12.5 10.7 1.8 0.7 0.14 25.8 89 9.0 
0.45 90 12.7 11.3 7.6 0.6 0.18 32.3 105 2.9 
30FA/10SF 
0.35 28 15.2 4.3 0.6 0.6 0.11 20.7 51 17.2 
90 11.5 6.5 0.8 0.8 0.10 19.7 59 10.6 
0.45 28 16.0 12.7 3.1 0.9 0.18 32.6 89 7.2 
90 17.6 8.2 3.7 1.2 0.17 30.7 96 5.2 
30FA/15MK 0.35 90 12.5 8.7 5.2 1.1 0.15 27.6 56 3.4 0.45 90 19.3 11.6 3.0 0.7 0.19 34.6 65 8.4 
50GGBS/10LS 
0.35 28 11.4 7.0 4.3 1.6 0.12 24.3 68 3.1 90 8.6 4.7 3.6 0.7 0.09 17.7 62 3.1 
0.45 28 16.2 8.4 9.4 0.8 0.19 34.8 115 2.4 90 13.9 6.7 7.4 1.0 0.16 29.0 92 2.5 
50GGBS/10SF 
0.35 28 14.6 0.8 1.7 0.8 0.07 18.0 35 6.2 90 8.3 0.9 1.5 0.8 0.06 11.5 36 4.0 
0.45 28 18.7 5.0 2.2 0.8 0.14 26.8 55 7.7 
90 18.2 3.4 2.3 0.9 0.13 24.8 39 6.8 
50GGBS/15MK 
0.35 90 17.9 2.8 2.5 0.7 0.12 23.9 24 6.4 
0.45 28 27.5 4.8 2.8 1.0 0.19 36.2 36 8.3 
90 26.2 3.5 2.6 0.8 0.18 33.1 34 8.8 
™ is the ratio of large pore porosity (>100 nm) to the small pore porosity (<100 nm) 
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Table C.7 Chloride durability indicators from different test methods 
Test Method Cement Type, % Code 
Chloride Indicator, 10-12m2/s Relative Ratio of w/c of 0.35 
w/c Ratio 
0.35 0.5 0.65 0.35 0.5 0.65 
NT Build 
492 Test 
Results at 
28 curing 
days 
(reference) 
100PC PC-NT-28day (Ref) 24.6 33.9 49.9 1.0 1.4 2.0 
75PC/25FA BF-NT-28day(Ref) 18.7 26 38.7 1.0 1.4 2.1 
65PC/25FA/10LS TFL-NT-28day(Ref) 8.0 10.2 15.5 1.0 1.3 1.9 
65PC/25FA/10SF TFS-NT-28day(Ref) 3.0 5.4 9.3 1.0 1.8 3.1 
65PC/25FA/10MK TFM-NT-28day(Ref) 6.8 9.8 13.3 1.0 1.4 2.0 
55PC/45GGBS BG-NT-28day(Ref) 11.6 14.2 19.1 1.0 1.2 1.6 
45PC/45GGBS/10LS TGL-NT-28day(Ref) 3.8 6.5 12.7 1.0 1.7 3.3 
NT Build 
492 Test 
Results at 
180 curing 
days 
(reference) 
100PC PC-NT-180day (Ref) 15.7 23.8 37.9 1.0 1.5 2.4 
75PC/25FA BF-NT-180day(Ref) 10.1 16.8 27.3 1.0 1.7 2.7 
65PC/25FA/10LS TFL-NT-180day(Ref) 3.0 5.0 9.3 1.0 1.7 3.1 
65PC/25FA/10SF TFS-NT-180day(Ref) 1.0 1.9 4.6 1.0 1.9 4.6 
65PC/25FA/10MK TFM-NT-180day(Ref) 2.5 4.6 7.7 1.0 1.8 3.1 
55PC/45GGBS BG-NT-180day(Ref) 9.5 11.6 17.0 1.0 1.2 1.8 
45PC/45GGBS/10LS TGL-NT-180day(Ref) 1.6 2.9 6.9 1.0 1.8 4.3 
    0.35 0.40 0.45 0.35 0.40 0.45 
NT Build 
492 Test 
Results at 
28 curing 
days  
100PC PC-NT-28day 7.2 8.1 9.6 1.0 1.1 1.3 
70PC/30FA BF-NT-28day 7.6 10.5 12.7 1.0 1.4 1.7 
50PC/50GGBS BG-NT-28day 2.4 2.7 3.3 1.0 1.1 1.4 
60PC/30FA/10LS TFL-NT-28day 8.0 10.7 13.0 1.0 1.3 1.6 
40PC/50GGBS/10LS TGL-NT-28day 1.9 1.9 2.6 1.0 1.0 1.4 
70PC/30FA/10SF TFS-NT-28day 2.4 2.6 2.9 1.0 1.1 1.2 
55PC/30FA/15MK  TFM-NT-28day 4.5 4.6 5.1 1.0 1.0 1.1 
NT Build 
492 Test 
Results at 
120 curing 
days  
100PC PC-NT-120day 5.8 7.0 9.1 1.0 1.2 1.6 
70PC/30FA BF-NT-120day 1.5 1.9 2.5 1.0 1.3 1.7 
50PC/50GGBS BG-NT-120day 2.3 2.6 3.1 1.0 1.1 1.4 
60PC/30FA/10LS TFL-NT-120day 2.6 3.1 3.8 1.0 1.2 1.4 
40PC/50GGBS/10LS TGL-NT-120day 1.8 2.1 2.7 1.0 1.1 1.5 
70PC/30FA/10SF TFS-NT-120day 1.3 1.6 2.0 1.0 1.2 1.6 
55PC/30FA/15MK  TFM-NT-120day 2.0 2.5 3.0 1.0 1.2 1.5 
Multi-
Regime Test 
Results  
100PC PC-MR-186day 7.7 11.3 15.7 1.0 1.5 2.0 
70PC/30FA BF-MR-34day 6.6 8.8 12.3 1.0 1.3 1.9 
50PC/50GGBS BG-MR-32day 1. 6 2.3 3.2 1.0 1.5 2.1 
60PC/30FA/10LS TFL-MR-115day 3.4 4.1 4.9 1.0 1.2 1.4 
40PC/50GGBS/10LS TGL-MR-49day 2.9 3.7 4.5 1.0 1.3 1.5 
70PC/30FA/10SF TFS-MR-158day 1.8 2.2 2.7 1.0 1.2 1.5 
55PC/30FA/15MK  TFM-MR-146day 2.8 3.4 4.1 1.0 1.2 1.5 
Immersion 
Test Results 
at 90 curing 
days  
100PC PC-IM-90day 4.2 6.5 9.8 1.0 1.6 2.3 
70PC/30FA BF-IM-90day 1.1 1.3 1.8 1.0 1.2 1.7 
50PC/50GGBS BG-IM-90day 1.0 1.0 1.8 1.0 1.0 1.7 
60PC/30FA/10LS TFL-IM-90day 1.5 1.7 2.1 1.0 1.1 1.4 
40PC/50GGBS/10LS TGL-IM-90day 0.9 1.0 1.3 1.0 1.1 1.4 
70PC/30FA/10SF TFS-IM-90day 0.4 0.5 1.0 1.0 1.2 2.2 
55PC/30FA/15MK  TFM-IM-90day 1.2 1.4 1.8 1.0 1.1 1.4 
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Table C.8 Chloride content profile of concrete from immersion test method 
Chloride content, % by mass of concrete 
Depth, mm PC PC/FA PC/GGBS PC/FA/LSFL PC/GGBS/LS PC/FA/SF PC/FA/MK 
w/c ratio = 0.35 
0-1 0.02 0.17 0.24 0.23 0.17 0.26 0.14 
1-2 0.22 0.27 0.27 0.36 0.33 0.35 0.20 
2-3 0.26 0.23 0.24 0.32 0.26 0.23 0.28 
3-4 0.22 0.17 0.17 0.26 0.19 0.12 0.22 
4-6 0.19 0.09 0.09 0.18 0.11 0.05 0.13 
6-8 0.15 0.05 0.04 0.06 0.04 0.03 0.08 
8-10 0.10 0.03 0.02 0.04 0.03 0.02 0.04 
10-12 0.07 0.02 0.02 0.03 0.02 0.03 0.03 
w/c ratio = 0.40 
0-1 0.17 0.43 0.23 0.13 0.31   0.12 
1-2 0.25 0.33 0.33 0.29 0.33 
 
0.29 
2-3 0.28 0.20 0.26 0.29 0.22 
 
0.26 
3-5 0.24 0.14 0.16 0.18 0.15 
 
0.17 
5-7 0.20 0.09 0.08 0.11 0.10 
 
0.12 
7-9 0.14 0.04 0.03 0.06 0.03 
 
0.07 
9-12 0.11 0.02 0.02 0.03 0.02 
 
0.03 
12-16 0.07 0.02 0.02 0.02 0.01   0.03 
w/c ratio = 0.45 
0-1 0.09 0.17 0.13 0.08 0.23 0.24 0.16 
1-2 0.25 0.30 0.34 0.30 0.33 0.35 0.27 
2-4 0.28 0.26 0.29 0.31 0.27 0.21 0.23 
4-6 0.24 0.17 0.18 0.23 0.14 0.12 0.14 
6-8 0.19 0.11 0.10 0.13 0.06 0.06 0.08 
8-11 0.15 0.04 0.03 0.06 0.02 0.04 0.03 
11-14 0.11 0.03 0.02 0.02 0.02 0.02 0.02 
14-18 0.07 0.02 0.02 0.02 0.02 0.02 0.02 
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Figure C.1 Differential pore size distribution of cement paste from 1 to 90 curing days 
Appendix C 
219 
 
 
  
Figure C.2 Pore size range development of cement pastes from 3 to 90 curing days 
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APPENDIX D 
 
 
 
Figure D.1 Chloride profiles of concrete after the rapid chloride penetration test 
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Table D.1 Acid-soluble and water-soluble chloride content during desalination 
Cement 
Type, % 
w/c 
Ratio 
Depth, 
mm 
Chloride Content, % by weight of concrete 
Before Desalination First Desalination Second Desalination 
Acid-
soluble 
Water-
soluble 
Acid-
soluble 
Water-
soluble 
Acid-
soluble 
Water-
soluble 
100PC 0.35 
2.5 0.256 0.203 0.150 0.108 0.123 0.086 
7.5 0.225 0.182 0.115 0.072 0.108 0.068 
12.5 0.185 0.146 0.092 0.056 0.085 0.053 
17.5 0.150 0.100 0.072 0.051 0.070 0.048 
22.5 0.110 0.071 0.059 0.038 0.055 0.036 
27.5 0.090 0.062 0.050 0.030 0.045 0.028 
32.5 0.060 0.044 0.045 0.030 0.040 0.029 
37.5 0.055 0.040 0.043 0.030 0.038 0.028 
100PC 0.45 
2.5 0.397 0.300 0.190 0.113 0.123 0.066 
7.5 0.321 0.230 0.150 0.083 0.093 0.056 
12.5 0.245 0.170 0.125 0.068 0.075 0.045 
17.5 0.190 0.129 0.100 0.056 0.065 0.033 
22.5 0.140 0.095 0.080 0.045 0.055 0.025 
27.5 0.100 0.069 0.060 0.031 0.045 0.018 
32.5 0.070 0.040 0.050 0.026 0.039 0.016 
37.5 0.061 0.035 0.045 0.023 0.035 0.016 
100PC 0.55 
2.5 0.473 0.350 0.230 0.142 0.150 0.066 
7.5 0.370 0.274 0.180 0.111 0.109 0.043 
12.5 0.292 0.210 0.142 0.085 0.074 0.028 
17.5 0.228 0.160 0.110 0.069 0.056 0.020 
22.5 0.165 0.119 0.090 0.066 0.043 0.018 
27.5 0.120 0.086 0.075 0.055 0.038 0.016 
32.5 0.085 0.062 0.068 0.050 0.035 0.016 
37.5 0.070 0.050 0.062 0.045 0.030 0.014 
70PC30FA 0.35 
2.5 0.327 0.185 0.190 0.085 0.152 0.070 
7.5 0.272 0.168 0.145 0.068 0.111 0.065 
12.5 0.236 0.143 0.123 0.063 0.086 0.062 
17.5 0.205 0.123 0.103 0.057 0.063 0.055 
22.5 0.189 0.103 0.085 0.050 0.052 0.047 
27.5 0.163 0.080 0.066 0.042 0.041 0.038 
32.5 0.130 0.065 0.056 0.040 0.040 0.036 
37.5 0.092 0.055 0.045 0.032 0.040 0.030 
70PC30FA 0.45 
2.5 0.342 0.163 0.192 0.118 0.148 0.080 
7.5 0.265 0.135 0.132 0.088 0.105 0.066 
12.5 0.230 0.123 0.096 0.066 0.075 0.055 
17.5 0.200 0.109 0.075 0.055 0.056 0.050 
22.5 0.170 0.093 0.060 0.050 0.048 0.047 
27.5 0.140 0.079 0.050 0.042 0.010 0.008 
32.5 0.110 0.050 0.046 0.036 0.035 0.030 
37.5 0.080 0.045 0.040 0.032 0.030 0.026 
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Table D.2 Acid-soluble and water-soluble chloride content during desalination 
Cement 
Type, % 
w/c 
Ratio 
Depth, 
mm 
Chloride Content, % by weight of concrete 
Before Desalination First Desalination Second Desalination 
Acid-
soluble 
Water-
soluble 
Acid-
soluble 
Water-
soluble 
Acid-
soluble 
Water-
soluble 
70PC30FA 0.55 
2.5 0.381 0.194 0.195 0.116 0.155 0.085 
7.5 0.290 0.150 0.145 0.090 0.115 0.065 
12.5 0.250 0.125 0.100 0.063 0.080 0.048 
17.5 0.217 0.105 0.078 0.050 0.060 0.035 
22.5 0.171 0.090 0.064 0.043 0.050 0.033 
27.5 0.141 0.075 0.051 0.040 0.040 0.030 
32.5 0.095 0.060 0.045 0.035 0.036 0.027 
37.5 0.065 0.045 0.038 0.029 0.032 0.023 
50PC 
50GGBS 0.35 
2.5 0.303 0.223 0.188 0.119 0.113 0.085 
7.5 0.257 0.179 0.155 0.085 0.099 0.073 
12.5 0.218 0.146 0.125 0.075 0.091 0.062 
17.5 0.176 0.110 0.100 0.064 0.082 0.055 
22.5 0.145 0.087 0.082 0.057 0.070 0.050 
27.5 0.120 0.072 0.063 0.050 0.056 0.046 
32.5 0.100 0.064 0.055 0.043 0.046 0.042 
37.5 0.080 0.055 0.050 0.041 0.040 0.035 
50PC 
50GGBS 0.45 
2.5 0.350 0.254 0.196 0.119 0.142 0.085 
7.5 0.300 0.217 0.170 0.095 0.122 0.075 
12.5 0.260 0.188 0.145 0.082 0.105 0.060 
17.5 0.220 0.165 0.120 0.068 0.090 0.045 
22.5 0.180 0.135 0.090 0.050 0.075 0.037 
27.5 0.150 0.117 0.070 0.044 0.070 0.042 
32.5 0.112 0.083 0.055 0.039 0.059 0.047 
37.5 0.086 0.066 0.040 0.030 0.045 0.038 
50PC 
50GGBS 0.55 
2.5 0.370 0.295 0.205 0.134 0.160 0.095 
7.5 0.321 0.245 0.180 0.117 0.135 0.080 
12.5 0.280 0.214 0.150 0.089 0.121 0.062 
17.5 0.240 0.167 0.125 0.080 0.102 0.058 
22.5 0.210 0.137 0.100 0.061 0.090 0.047 
27.5 0.170 0.103 0.075 0.047 0.075 0.040 
32.5 0.130 0.075 0.060 0.040 0.063 0.035 
37.5 0.104 0.065 0.050 0.036 0.052 0.033 
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Table D.3 Pore characteristics of concretes 
Cement 
Type,% 
w/c 
Ratio Sample 
Pore Size Range Porosity, nm Void, 
ml/g 
Porosity, 
% 
Critical 
Diameter, 
nm 
Relative 
Indicator 
10-50 50-100 100-5000 >5000 
100 PC 
0.35 
C1 4.20 3.87 2.50 0.83 0.047 11.40 86 2.42 
C2 4.27 4.03 2.77 0.93 0.051 12.00 80 2.24 
C3 4.56 4.54 2.98 1.12 0.055 13.20 71 2.22 
0.45 
C1 4.56 4.56 2.00 1.06 0.051 12.18 86 2.98 
C2 5.05 4.47 2.56 1.12 0.058 13.20 90 2.59 
C3 5.68 5.08 3.06 1.69 0.069 15.51 88 2.26 
0.55 
C1 8.03 3.45 1.76 0.87 0.067 14.12 123 4.36 
C2 8.10 3.69 2.74 1.05 0.070 15.58 117 3.11 
C3 8.72 4.00 3.32 1.16 0.078 17.20 115 2.84 
70PC 
30FA 
0.35 
C1 3.76 4.21 1.03 0.95 0.040 9.95 67 4.03 
C2 4.41 4.16 1.07 0.99 0.048 10.63 70 4.16 
C3 5.12 4.26 1.20 1.05 0.056 11.63 76 4.17 
0.45 
C1 3.53 5.17 2.49 0.61 0.054 11.80 87 2.80 
C2 4.18 5.05 2.56 0.67 0.055 12.46 85 2.86 
C3 4.85 5.17 2.65 0.88 0.060 13.55 92 2.84 
0.55 
C1 3.25 5.59 3.88 0.85 0.069 13.57 97 1.87 
C2 4.55 5.00 5.07 0.93 0.075 15.55 103 1.59 
C3 6.43 4.73 6.43 1.02 0.089 18.61 106 1.50 
50PC 
50PCBS 
0.35 
C1 2.68 2.91 0.88 0.46 0.031 6.93 44 4.17 
C2 3.07 3.43 1.35 0.74 0.035 8.59 50 3.11 
C3 4.02 4.25 1.86 0.96 0.048 11.09 55 2.93 
0.45 
C1 2.91 2.93 0.90 0.56 0.033 7.30 48 4.00 
C2 3.53 4.55 1.61 0.91 0.045 10.60 52 3.20 
C3 4.48 5.27 2.12 1.22 0.060 13.09 56 2.92 
C1: the reference concrete without any treatment;  C2: the chloride penetrated concrete after rapid 
migration test; C3: desalinated concrete after two cycles of ECE 
Table D.4 Heat generation during electrical treatment 
Cements w/c Ratio 
Heat Energy, kwh 
Penetration ECE Total 
100PC 0.35 194 439 633 
100PC 0.45 119 305 424 
100PC 0.55 104 228 332 
70PC30FA 0.35 121 899 1020 
70PC30FA 0.45 99 604 703 
70PC30FA 0.55 81 509 590 
50PC50GGBS 0.35 347 1241 1588 
50PC50GGBS 0.45 307 1076 1383 
50PC50GGBS 0.55 249 781 1030 
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Table D.5 Carbonation depth of concrete  
Test Duration 
Carbonation Depth, mm 
Reference Penetration Desalinated Reference Penetration Desalinated 
100 PC  w/c = 0.55  w/c = 0.45 
2 weeks 1.0 2.5 3.0 0.5 1.0 1.5 
4 weeks 2.0 3.5 4.0 1.0 1.0 2.0 
6 weeks 2.5 4.5 5.0 1.5 2.0 3.0 
10 weeks 3.5 6.0 6.0 2.0 3.0 3.0 
70PC30FA w/c = 0.55 w/c = 0.45 
2 weeks 2.5 3.5 6.0 1.0 1.5 3.0 
4 weeks 4.0 6.0 8.0 2.0 2.5 4.5 
6 weeks 5.0 8.5 9.0 2.5 3.5 5.0 
10 weeks 6.0 10.0 10.0 4.0 5.0 5.5 
50PC50GGBS w/c = 0.55 w/c = 0.45 
2 weeks 2.0 4.0 5.5 1.5 3.5 4.0 
4 weeks 3.5 5.0 6.5 2.5 4.5 5.0 
6 weeks 5.0 6.0 7.5 3.0 5.0 5.5 
10 weeks 5.5 8.5 9.0 4.0 5.5 6.0 
 
Table D.6 Chloride profile of concrete after spraying test 
w/c  
Ratio 
Depth,  
mm 
100PC 70PC30FA 50PC50GGBS 
S1 S2 S3 S1 S2 S3 S1 S2 S3 
0.55 
0-2 0.55 0.36 0.08 0.54 0.13 0.11 0.60 0.18 0.15 
2-4 0.36 0.27 0.06 0.32 0.07 0.05 0.45 0.08 0.03 
4-6 0.24 0.21 0.04 0.23 0.05 0.02 0.32 0.06 0.03 
6-8 0.16 0.16 0.02 0.16 0.04 0.02 0.22 0.03 0.02 
8-10 0.11 0.11 0.01 0.12 0.03 0.01 0.14 0.03 0.02 
0.45 
0-2 0.47 0.32 0.06 0.39 0.13 0.10 0.53 0.16 0.12 
2-4 0.30 0.20 0.03 0.25 0.05 0.03 0.38 0.07 0.03 
4-6 0.18 0.10 0.01 0.17 0.03 0.01 0.25 0.03 0.02 
6-8 0.12 0.07 0.01 0.12 0.03 0.01 0.16 0.02 0.00 
8-10 0.09 0.04 0.00 0.08 0.02 0.00 0.10 0.01 0.00 
0.35 
0-2 0.38 0.25 0.02 0.31 0.12 0.02 0.47 0.15 0.08 
2-4 0.23 0.11 0.00 0.19 0.04 0.00 0.31 0.05 0.01 
4-6 0.14 0.06 0.00 0.12 0.02 0.00 0.21 0.00 0.00 
6-8 0.09 0.00 0.00 0.08 0.01 0.00 0.12 0.00 0.00 
8-10 0.06 0.00 0.00 0.05 0.00 0.00 0.07 0.00 0.00 
S1: desalinated sample; S2: desalinated sample coated with coating I; S3: desalinated sample coated 
with coating II.  
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Table D.7 Predicted service life of 70PC30FA concrete at w/c ratio of 0.45 
Code Coating Mechanism: influenced factor, working life 
Concrete Character 
D C B A 
n=-0.6 n=-0.7 
Cement hydration duration, years 
25 10 25 10 
F-R   38 28 79 49 
F-D 
 
63 43 123 72 
F-CI-1 Cs, 10years 66 46 126 75 
F-CI-2 Cs, 25years 71 50 130 79 
F-CI-3 Cs, 50years 77 54 138 85 
F-CI-4 Cs, 100years 83 58 149 92 
F-CI-5 Cs and Da, 10years 68 47 128 76 
F-CI-6 Cs and Da, 25years 76 55 135 84 
F-CI-7 Cs and Da, 50years 89 66 148 96 
F-CI-8 Cs and Da, 100years 111 83 174 117 
F-CII-1 Cs and Da, 10years 69 48 128 77 
F-CII-2 Cs and Da, 25years 78 57 137 86 
F-CII-3 Cs and Da, 50years 93 70 151 100 
F-CII-4 Cs and Da, 100years 120 94 179 126 
 
Table D.8 Predicted service life of 50PC50GGBS concrete at w/c ratio of 0.45 
Code 
Coating Mechanism: 
influenced factor, working 
life 
Concrete Character 
D C B A 
n=-0.44 n=-0.62 
Cement hydration duration, years 
25 10 25 10 
G-R   29 24 98 62 
G-E 
 
30 25 102 64 
G-CI-1 Cs, 10years 33 28 105 67 
G-CI-2 Cs, 25years 35 29 108 70 
G-CI-3 Cs, 50years 37 30 113 73 
G-CI-4 Cs, 100years 38 30 118 75 
G-CI-5 Cs and Da, 10years 36 30 107 69 
G-CI-6 Cs and Da, 25years 45 38 115 77 
G-CI-7 Cs and Da, 50years 61 46 128 89 
G-CI-8 Cs and Da, 100years 81 57 152 109 
G-CII-1 Cs and Da, 10years 37 31 108 70 
G-CII-2 Cs and Da, 25years 46 39 116 78 
G-CII-3 Cs and Da, 50years 64 49 130 91 
G-CII-4 Cs and Da, 100years 85 63 158 114 
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Figure D.2 Chloride profile of concrete with and without desalination process 
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Figure D.3 Predicted chloride ingress curves of 70PC30FA concrete at w/c ratio of 0.45 under different conditions 
(Notes: i: reference sample; ii: desalinated sample; iii: desalinated sample under minimum effect with coating I material; iv: desalinated sample 
under maximum effect with coating I material; v: desalinated sample under minimum effect with coating II material; vi; desalinated sample 
under maximum effect with coating II material) 
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Figure D.4 Predicted chloride ingress curves of 50PC50GGBS concrete at w/c ratio of 0.45 under different conditions 
(Notes: i: reference sample; ii: desalinated sample; iii: desalinated sample under minimum effect with coating I material; iv: desalinated sample 
under maximum effect with coating I material; v: desalinated sample under minimum effect with coating II material; vi; desalinated sample 
under maximum effect with coating II material) 
 
 
